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Literature shows that production of cottonseed adhesives is feasible to develop an
environmentally friendly and competitive bio-based wood adhesive. Defatted cottonseed and
water-washed cottonseed meals were prepared from glandless cottonseed and were used in
adhesive formulations to produce three-ply yellow poplar (Liriodendron tulipifera) plywood
panels as the first objective. These two cottonseed meals were compared with the properties of
plywood panels made with an adhesive formulated from a commercial soybean meal, as a
control. Adhesive resins were prepared from each protein meal with sodium metabisulfite
(Na2S2O5) and one of two polyamido-amine-epichlorohydrin (PAE) wet strength agents, and the
plywood panels were produced by hot pressing for 7, 8.5 and 10 minutes at 135°C with a
constant pressure of 1.241 MPa. Panels prepared from three protein meals had comparable shear
strengths. The combinations of the two cottonseed preparations and the two wet strength agents
produced panels with acceptable wet resistant properties, whereas the soybean meal only
produced acceptable panels with one of the wet strength agents. Because the panels prepared
from the two cottonseed meals had comparable properties, there appears to be no benefit to
including a water-washing step to increase the meal’s protein level.

The second objective of this research was to reduce the hot press time and develop
cottonseed meals into adhesives to become comparable to commercial soybean-based adhesives.
New cottonseed, water-washed cottonseed, and commercial in-house soybean meals were
separately prepared with deionized water, sodium metabisulfite, and PAE to produce three-ply
yellow poplar plywood panels. The panels were hot pressed for 4, 5, and 6 minutes at 135°C
with a constant pressure of 1.241 MPa. Panels prepared from the three meals and commercial
soybean plywood panels had comparable mechanical shear strengths and water resistance
properties. Results indicated that press time, meal types, and interactions were statistically
significant. Shear strength results indicate that cottonseed could be used alternatively to soybean.
The new cottonseed panels were more resistant to delamination than soybean. The cottonseed
meals showed great promise for applicability as a formaldehyde-free, bio-based, and
environmentally friendly hardwood plywood wood-based adhesives product for use in interior
type applications.

Keywords: Cottonseed meal, soybean meal, mechanical shear strength, water resistance test,
yellow poplar hardwood plywood, bio-based wood adhesives.
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CHAPTER I
INTRODUCTION: EXECUTIVE SUMMARY OVERVIEW OF CHAPTERS 2-3 AND
PRELIMINARY COTTONSEED ADHESIVE PLYWOOD TRIALS
There were two distinct pieces of research as the dissertation document has a connecting
introduction literature review section as Chapter 1. This Chapter 1 details the project summary,
project description, rationale and significance, and brief literature review and overview of
Chapters 2 and 3. The Chapter 2 topic was on the production of yellow poplar interior plywood
with cottonseed-based protein adhesives. Chapter 3 topic was on the feasibility of cottonseed and
soybean meals to manufacture adhesive for use in yellow poplar hardwood plywood.
Project Summary
The goal of the hardwood plywood project was to use a waste product of the underutilized seeds from upland cotton (Gossypium hirsutum L.) and soybean (Glycine max (L.)
Merr.) agriculture plants to make adhesives for use in hardwood plywood industry. This research
was conducted as a laboratory bench scale test using approximately 53% cottonseed protein
meal, an approximately 65% cottonseed protein meal, and approximately 50% soybean protein
meal (as the control) to bind yellow poplar (Liriodendron tulipifera L.) hardwood veneers
together to make an environmentally friendly and competitive three-ply hardwood plywood
product for the industry. I also compared these three panels’ properties to commercially available
hardwood plywood products from the market. The adhesives were environmentally safe bio-
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based adhesives. This study was to further develop cottonseed adhesive, such that it may become
comparable to soybean-based adhesives in the interior hardwood plywood sector.
Together, these research areas are highly important developmental stages for their
respective areas in the wood and forest products research and development (R&D) sector areas.
These studies represent hardwood industries, softwood industries, plywood-manufacturing
industries, plywood mills, adhesive industries, hardwood plywood industries, building
construction industries, wood and forest products industries, forest resources management
industries, environmental protection agencies, government compliance, architectures, and many
other industries within the United States, Canada, Mexico, and ultimately worldwide.
Project Description
The objectives of the cottonseed adhesive research were:
•

to develop hardwood plywood adhesive from cottonseed meal,

•

to compare the plywood panels glued with cottonseed and soybean mixtures,

•

to compare the plywood panels with commercial hardwood plywood, and

•

to advance the forest products and wood science and technology sectors.

The cottonseed adhesive research was to develop novel hardwood plywood adhesive
from cottonseed meal. The objective of this study was to investigate the plywood panels glued
with two types of cottonseed and a soybean meal formulations. The dehulled-defatted and
defatted cottonseed meals were processed to develop an environmentally friendly and
competitive adhesive compared to commercial soybean adhesive hardwood plywood products.

2

Rationale and Significance
The adhesive and plywood industry are currently in need of environmentally safe, and
friendly, bio-based, formaldehyde-free wood adhesives. The southeastern United States is well
known for producing a variety of agriculture crops such as corn, hay, peanuts, soybeans, and
cotton. This southeastern United States region has considerable agricultural acres invested in
soybeans and cotton production. In 2014, Mississippi soybeans production was ranked third,
while cotton production was ranked as the fourth largest commodity in the state (Dodds and
Pieralisi 2022; Irby 2022). Soybeans were the top row crop and third largest agriculture
commodity overall in Mississippi, while cotton is typically fourth or lower, depending on the
year (Dodds and Pieralisi 2022; Irby 20222). This production produces not only cotton fiber, but
also an underutilized seed co-product. Because of the location of plywood manufacturers and the
cotton processing plants in the Southern United States, it would appear to make some economic
sense to consider the use of this cotton protein as a potential wood adhesive. Initial work
conducted as a laboratory bench scale has indicated that cottonseed protein, in the form of an
isolate (>90% protein), a protein concentrate (>60% protein), or a meal (40-50% protein) have
some potential to bind wood veneers together (Shmulsky et al. 2021; He et al. 2020; He et al.
2019; Stratton 2019; Cheng et al. 2017; Cheng et al. 2016a; Cheng et al. 2016b; He et al. 2015;
He et al. 2014a; He et al. 2014b; Cheng et al. 2013). This work has shown that significant
adhesive strength was possible, and it has demonstrated that the water resistance of cottonseed
proteins appears to be better than that of soybean proteins. The process of transferring this work
to producing boards with these proteins has only recently begun. Previous cottonseed adhesive
research investigations have shown that production of cottonseed adhesive was technically
feasible. A major question was, can cottonseed meal protein be used for application as an interior
3

hardwood-plywood adhesive and be comparable to the soybean adhesives in the market? The
cottonseed protein showed excellent promise for applicability as an interior-type hardwoodplywood adhesive.
Brief Literature Review
Cottonseed and Soybean Adhesive Hardwood Plywood Research
The most common adhesives used in the wood composite industry have been based on
urea-formaldehyde, melamine-urea-formaldehyde, polyurethane, and phenol-formaldehyde
(Baldwin 2016; Zhang et al. 2013; Dunky 2003; Dunky 1998; Sellers 1985). Among them, ureaformaldehyde has been the primary resin implemented for interior applications because of its
bonding strength, rapid curing, and low cost when compared to other adhesives (Cheng et al.
2016a; Cheng et al. 2016b). However, due to concerns about formaldehyde toxicity and the
reclassification of the compound as a carcinogen by the World Health Organization (WHO),
there is an ongoing interest to reduce exposure to the compound (Liteplo et al. 2002). As part of
this effort, there is a need to develop formaldehyde-free or low-formaldehyde wood adhesives
(Shmulsky et al. 2021; Reh et al. 2019; Roffael 2006; Kim and Kim 2005; Umemura et al. 2003;
Hodgson et al. 2002).
One approach to this issue is to consider the re-application of protein-based adhesives.
Protein-based adhesives were commonly used in the wood products industry prior to the
development of the petroleum-based formulations (Lambuth 2003). Since the oil embargo crisis
of the 1970s, there has been renewed interest in developing these natural materials as adhesives
for a variety of reasons, e.g., reduced reliance on petroleum and improved sustainability, in
addition to the elimination of the formaldehyde in wood product manufacturing plants and in
various wood construction products due to emissions related issues (Marra 1992).
4

Because of the scale of the soybean oil industry and the large volumes of soybean-based
meal that is currently available, it has garnered much research in this area focused on soybean
proteins (Lambuth 2003). Interior plywood adhesives based on soybean meal are currently in the
market. Additionally, a number of other protein-based materials have also been studied in this
regard, including wheat gluten (Xi et al. 2019; Trischler et al. 2018; Khosravi et al. 2010), pea
protein (Santoni and Pizzo 2013), peanut meal (Chen et al. 2018; Li et al. 2018), and blood meal
protein (Li et al. 2018a; Li et al. 2018b).
Considerable plywood manufacturing takes place in the southeastern region of the United
States. Although the Southeastern United States produces some soybeans, the region has
considerable agricultural acres invested in cotton production. This production produces not only
cotton fiber, but also an underutilized cottonseed co-product. By weight, more seed (1.4 kg (3.09
lbs.)) are produced, per kilogram, than cotton fiber (Dowd et al. 2018). The cottonseed has often
used directly as feed for dairy cows, or it has been processed to recover a food grade vegetable
oil and a protein-based meal, which has also been used to feed ruminant animals. Because of the
presence of a polyphenolic compound gossypol in the seed that has anti-nutritional or even toxic
properties toward a number of animals in the seed and meal, few other uses have been developed
for this protein. Because of the co-location of plywood manufacturers and the cotton processing
plants in the south, it would appear to make some economic sense to consider the use of this
protein as a potential wood adhesive.
Initial work conducted as the laboratory bench scale has indicated that cottonseed protein,
in the form of an isolate (>90% protein), a protein concentrate (>60% protein), or a meal (4050% protein) all have great potential to bind wood veneers together (Shmulsky et al. 2021; He et
al. 2020; He et al. 2019; Stratton 2019; Cheng et al. 2017; Cheng et al. 2016a; Cheng et al.
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2016b; He et al. 2015; He et al. 2014a; He et al. 2014b; Cheng et al. 2013). This work has shown
that significant adhesive strength was possible, and it has demonstrated that the water resistance
of cottonseed proteins appears to be better than that of soybean proteins. The process of
transferring this work to the process of producing boards, however, with these proteins has only
recently begun. In this work, I started to explore the development work needed for larger scale
plywood production.
Preliminary Experiments and Results of Cottonseed and Soybean Plywood
Testing Using The Clifton Hydraulic Hot Press
Preliminary testing has been conducted, which was from July 2020 to November 2020
(Tables 1.1 to 1.6). A team (Dr. Dercilio J.V. Lopes, Karl M. Grebner, George D. Miller, Dr.
Rubin Shmulsky, Dr. Mike K. Dowd (USDA ARS)) helped me conduct fourteen (14) trial
experiments (1A, 1B, 2A, 2B, 3, 4, 5, 6A, 6B, 7A, 7B, 8A, 8B, and 8C) using cottonseed meal
and six (6) trial experiments (9A, 9B, 9C, 10A, 10B, and 10C) using soybean meal as adhesives
(Tables 1.1 to 1.6) using a Clifton Hydraulic Hot Press Model 0390, Serial No. 0818, 120-ton
capacity, 7.5 H.P., 66.04 cm (26.00 inches) long x 66.04 cm (26.00 inches) wide on each of the
four (4) platens, operating at 2,000 psi, Manufacture Date 5-2-1966 (Clifton, New Jersey, USA).
See Tables 1.1 to 1.6 for raw data and preliminary trial test results. By conducting these
experimental trials, a working solution of new cottonseed meal adhesive mixed with a 2.5:1
deionized water to new cottonseed meal powder ratio at a pH of ~5.6 was developed, which had
a 50% to 100% panel pass rate per ANSI/HPVA HP-1 (ANSI/HPVA 2020) standard of threecycle water resistance and oven dry cycle tests at a hot press time of 4, 5, 6, and 7 minutes.
Likewise, preliminary testing conclusions showed that soybean meal adhesive mixed with 2.5:1
deionized water to soybean meal powder ratio at a pH of ~5.7 produces good panel success of
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50% to 100% passing at different press times of 4, 5, 6, and 7 minutes. Preliminary destructive
shear test showed 5% to 15% wood failure, meaning that there might be adhesive failure in most
tested specimens. Two tests (Trials 6A and 10A) did not follow the typical trend of the other
similar panels tested. These comparisons were extremely important to indicate that there were
temperature inconsistencies on the four (4) platens using the Clifton Hydraulic Hot Press. Using
the working solution mix and going below 7 minutes, does not seem to be producing reliable or
consistent results when using the Clifton Hydraulic Hot Press.
By using a hydrated lime slurry or adding dry hydrated lime powder to the adhesive mix
to raise the pH to 10.0 to 11.0, does not seem to be helping the cottonseed and soybean meals
adhesive mixes. Lastly, many of the trials of both cottonseed and soybean meals had very high
viscosity (172,000 to >2,040,000 centipoise (cP)) which cannot be pushed out of spray nozzles
or spread onto veneers within the industry plywood plants.
Stroke Cure Test
During November to December 2020, I also conducted the cure hot plate stroke cure test
using a Thermo-Electric Cure Hot Plate with a Stainless Steel Head Plate, 1986 year, Model SS150, (Thermo-Electric Company, Cleveland, Ohio, USA) on the new cottonseed adhesive to
determine at what temperature the adhesive cures. These industrial cure hot plates are designed
to test the polymerization or solidification point of resins and gels utilizing the stroke cure
method. This industrial cure hot plate has evolved into a variety of testing, control, and
production applications where a precise plate temperature is required. The temperature of this
industrial cure hot plate varies less than 1°C from its set point temperature. This temperature can
be varied within the specified range. The close control of temperature is obtained by a carefully
designed arrangement of the heating element. To do this, I set the cure hot plate to 135°C
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(275°F) for one hour, as recommended by the manufactures, before conducting the resin test.
This resin testing determines the cure time of resin in the number of seconds between application
of the specimens to the cure hot plate and the first indication of solidification of the resin. I used
a wooden stylus to quickly work the specimens at 75-100 strokes per minute, depending on
viscosity of the material, until solidification is noted and timed. The longer this time, the greater
the need for an accurate temperature. I found that the 2.5:1 ratio of deionized water to new
cottonseed meal adhesive had an average cure time of 1 minute and 45 seconds at 135°C
(275°F), whereas both the 2.0:1 and 1.5:1 ratio of the new cottonseed meal adhesives had an
average cure time of over 2 minutes and 30 seconds at 135°C (275°F).
Tension Perpendicular To The Surface (Internal Bond) Testing
During December 2020 to May 2021, I also prepared two-ply specimens and tested
tension perpendicular to the surface (internal bond) using Section 11 of the ASTM D1037-12R20
(ASTM 2020) Standard Test Methods for Evaluating Properties of Wood-Based Fiber and
Particle Panel Materials. To prepare plywood, I cut veneers to 15.24 cm x 15.24 cm (6.00 inches
x 6.00 inches) in size. The same spreading rate used was 4.75 to 5.00 grams (0.168 to 0.176
ounces) single surface application rate. I used a Carver Hydraulic Laboratory Hot Press, Model
C, Serial Number 34000-416, Ram Stroke of 12.95 cm (5.10 inches) (Carver Inc., Menomonee
Falls, Wisconsin, USA) that had 15.24 cm x 15.24 cm (6.00 inches x 6.00 inches) dual column
platens to make the two-ply hardwood panels. Using the carver Press I applied 1.241 MPa (180
psi or 6,480 psi gauge pressure) to each panel. I also placed a thermocouple wire in between the
two-plies one-third of the way towards the center to obtain internal temperature at various
pressing times of 5, 6, 7, 7.5, 8, 8.5, 9, 9.5, 10, and 10.25 minutes. I tested three different
adhesives ratios (2.5:1, 2.0:1, and 1.5:1) and found that the 2.5:1 ratio produced the highest
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average maximum load and internal bond, therefore this justified using the 2.5:1 ratio mixture.
The thermocouple wire data showed that heat was being transferred to the veneer within the first
minute, at which the internal temperature reached ~100°C (~212°F), then the adhesive started to
bond and cure as the water was being boiled out of the wood and adhesive solution.
Once the panels were cooled for 24 hours, I cut each panel into 5.08 cm (2.00 inches) x
5.08 cm (2.00 inches) in size. Next, I collected weights, thickness, length, and width on each
specimen. A Fisher Oscillation Hot Plate Model No. 11-492-10, Serial No. 1928, 115 volts, 18
Amps, 50/60 cycle (Fisher Scientific International LLC, Waltham, Massachusetts, USA) in
Department 2106 Laboratory, was used to heat up the 5.08 cm (2.00 inches) x 5.08 cm (2.00
inches) loading blocks made of steel or aluminum alloy, then I used a Hot Melt Glue HM 058
(Item: GSD HM 058-5lb., Glue Sticks Direct, Dallas, Texas, USA) to effectively bond the 5.08
cm (2.00 inches) x 5.08 cm (2.00 inches) two-ply plywood specimens to the 5.08 cm (2.00
inches) x 5.08 cm (2.00 inches) loading blocks.
Once loading blocks and specimens cooled for 24 hours, I conducted mechanical internal
bond (IB) tests to collect data on how strong the new cottonseed adhesive versus wood failure
performance using an Instron Universal Hydraulic Material Testing System Machine S4-600 KN
Table Top B, Serial No. 5566-Q-1089 (Norwood, Massachusetts, USA) in the Departmental
Mechanical Testing Laboratory. The internal bond (IB) formula used was IB = Pmax/(a*b),
where IB = internal bond strength (psi or MPa),
Pmax= maximum load (lbf. [lb./ft3] or N),
a = width of the specimen measured in dry conditions (inches or mm), and
b = length of the specimen measured in dry conditions (inches or mm).
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Overall, I tested 182 IB specimens with the speed of the testing machine crosshead was
1.524 mm/min. Preliminary results of the IB test on the new cottonseed adhesive had an average
of 38% wood failure with a range of 5 to 95% wood failure. Had an average density of 143.59
Newton (N) (32.28 lb./ft3) with a standard deviation of + 8.36 N (+ 1.88 lb./ft3) and a coefficient
of variation (COV) = 5.81%. Had a maximum load = 6.316 MPa (916.05 psi) with a standard
deviation of 1.583 MPa (229.63 psi) and a coefficient of variation (COV) = 25.07%. Had an
internal bond = 1.573 MPa (228.12 psi) with a standard deviation of 0.395 MPa (57.31 psi) and a
coefficient of variation (COV) = 25.12%. An average test time of each specimen = 43.19
seconds. Statistical analysis in SAS 9.4 software was used to compare the mean values using
analysis of variance (ANOVA) and F-test: p < 0.05 LSD test was performed at α = 0.05 (SAS
Institute 2013). Using PROC GLM to conduct a Fisher’s least significant difference (LSD) test
and PROC ANOVA showed that 5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.25, 9.5, 10, and 10.25 minutes hot
press times were not statistically significant from each other. These times represent the time the
adhesive reached certain internal temperature. Likewise, 5, 8, 8.5, 9, and 10.25 minutes hot press
times produced the highest maximum load and internal bond results, but none were statistically
significant from each other. In addition, the plywood industry would not hot press panels for 810.25 minutes as it is too costly and not feasible. Therefore based on these findings, for the
actual cottonseed research in Chapter 4, I chose the hot press times of 4, 5, and 6 minutes based
on these justifications.
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Table 1.1

Preliminary Experimental Trials of New Cottonseed Meal and Commercial InHouse Soybean Meal Adhesive Mixes on Yellow Poplar (Liriodendron tulipifera)
Hardwood Plywood Panels Water Resistance Testing During July 2020 to October
2020.
Hot Press
Water Bath and Oven
Month of
Trials
Time
Panels
Added
Dry Cycle Tests
Experiment
(Minutes)
Tested
Lime
Results
New Cottonseed Meal Trials
1A
7
4 Panels
No
75% Passed
1B
7
4 Panels
No
75% Passed
July 2020
2A
7
4 Panels
No
100% Passed
2B
7
4 Panels
No
75% Passed
3
5
8 Panels
Yes
100% Failed
4
5
8 Panels
Yes
100% Failed
5
5
8 Panels
Yes
100% Failed
August 2020
6A
5
4 Panels
No
100% Passed
6B
6
4 Panels
No
75% Failed
7A
5
4 Panels
Yes
100 % Failed
7B
6
4 Panels
Yes
75% Failed
8A
4
4 Panels
No
50% Failed/50% Pass
September 2020
8B
5
4 Panels
No
75% Failed
8C
6
4 Panels
No
50% Failed/50% Pass
Commercial In-House Soybean Meal Trials
9A
7
4 Panels
No
100% Passed
9B
6
4 Panels
No
75% Passed
9C
5
4 Panels
No
75% Passed
October 2020
10A
7
4 Panels
Yes
75% Passed
10B
6
4 Panels
Yes
75% Failed
10C
5
4 Panels
Yes
50% Failed/50% Pass
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Table 1.2

Experimental Trials of New Cottonseed Meal and Commercial In-House Soybean Meal Adhesive Mixes on Yellow
Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Data During July 2020 to October
2020.

Trials

Dates

Ratio Water to Powder

Meal Type

Sodium Metabisulfite (g)

PAE (g)

PAE Age

1A

7/13/2020 to 7/17/2020

2.5:1

New Cottonseed

2.6

50

16 months old

1B

7/13/2020 to 7/17/2020

2.5:1

New Cottonseed

2.6

50

16 months old

2A

7/20/2020 to 7/24/2020

2.5:1

New Cottonseed

2.6

50

16 months old

2B

7/20/2020 to 7/24/2020

2.5:1

New Cottonseed

2.6

50

16 months old

3

8/13/2020 to 8/15/2020

2.5:1

New Cottonseed

2.6

50

17 months old

4

8/14/2020 to 8/18/2020

2.75:1

New Cottonseed

2.6

53

17 months old

5

8/14/2020 to 8/20/2020

3.0:1

New Cottonseed

2.6

57

17 months old

6A

8/19/2020 to 8/28/2020

2.5:1

New Cottonseed

2.6

50

Brand New as of 8/17/2020

6B

8/19/2020 to 8/28/2020

2.5:1

New Cottonseed

2.6

50

Brand New as of 8/17/2020

7A

8/19/2020 to 8/26/2020

2.5:1

New Cottonseed

2.6

50

Brand New as of 8/17/2020

7B

8/19/2020 to 8/26/2020

2.5:1

New Cottonseed

2.6

50

Brand New as of 8/17/2020

8A

9/9/2020 to 9/29/2020

2.5:1

New Cottonseed

2.6

50

Brand New as of 8/17/2020

8B

9/9/2020 to 9/29/2020

2.5:1

New Cottonseed

2.6

50

Brand New as of 8/17/2020

8C

9/9/2020 to 9/29/2020

2.5:1

New Cottonseed

2.6

50

Brand New as of 8/17/2020

9A

10/15/2020 to 10/28/2020

2.5:1

50

Brand New as of 8/17/2020

10/15/2020 to 10/28/2020

2.5:1

In-House Soybean
In-House Soybean

2.5

9B

2.5

50

Brand New as of 8/17/2020

2.5:1

In-House Soybean

2.5

50

Brand New as of 8/17/2020

2.5:1

In-House Soybean

2.5

75*

Brand New as of 8/17/2020

2.5

75*

Brand New as of 8/17/2020

2.5

75*

Brand New as of 8/17/2020

9C
10A

10/15/2020 to 10/28/2020
10/16/2020 to 10/30/2020

10B

10/16/2020 to 10/30/2020

2.5:1

In-House Soybean

10C

10/16/2020 to 10/30/2020

2.5:1

In-House Soybean

Note: 2.5:1 Ratio = 250 g of deionized water to 100 g of powder; 2.75:1 Ratio = 275 g of deionized water to 100 g of powder 3.0:1
Ratio = 300 g of deionized water to 100 g of powder; and (*) made 1 ½ batches of adhesive.
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Table 1.3

Experimental Trials of New Cottonseed Meal and Commercial In-House Soybean Meal Adhesive Mixes on Yellow
Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Data During July 2020 to October
2020.
pH

Viscosity

Added Hydrated
Lime

pH After Lime

Viscosity After Lime

Veneer Age

Oven Dry Veneer 24 hours at 140°F
Average Moisture Content

1B

5.50

41,991

--

--

--

1-2 years old

--

--

1-2 years old

--

2A

5.72

49,989

--

--

--

1-2 years old

--

2B

5.72

49,989

3

5.60

29,994

4

5.61

15,997

5

5.62

5,999

-23% lime solution
(33.0 g)
23% lime solution
(33.0 g)
23% lime solution
(38.0 g)

--

--

1-2 years old

--

10.65

526,000

Less than 6 months old

4-6%

10.49

210,000

Less than 6 months old

4-6%

10.78

172,000

Less than 6 months old

4-6%

6A

5.23

37,992

--

--

--

Less than 6 months old

6-8%

6B

5.23

37,992

--

--

--

Less than 6 months old

6-8%

7A
7B

5.40

37,992

16 g dry lime

11.5

1,160,000

Less than 6 months old

6-8%

5.40

37,992

16 g dry lime

11.5

1,160,000

Less than 6 months old

6-8%

8A

5.42

37,992

--

--

--

~ 6 months old

6-7%

8B

5.42

37,992

--

--

--

~ 6 months old

6-7%

Trials
1A

8C

5.42

33,993

--

--

--

~ 6 months old

6-7%

9A

5.73

73,984

--

--

--

~ 7 months old

5-6%

9B

5.73

73,984

--

--

--

~ 7 months old

5-6%

9C

5.74

77,983

--

--

~ 7 months old

5-6%

10A

5.57

87,991

10.76

EEEE [>204^4]*

~ 7 months old

5-6%

10B

5.57

87,991

10.76

EEEE [>204^4]*

~ 7 months old

5-6%

10C

5.57

87,991

-30% lime solution
(45.0 g)
30% lime solution
(45.0 g)
30% lime solution
(45.0 g)

10.76

EEEE [>204^4]*

~ 7 months old

5-6%

Notes: For Trials 3, 4, and 5 were 100 g of deionized water to 30 g of hydrated lime powder = 23% lime slurry solution. For Trial 10 used 70 g of hydrated lime powder plus 30 g of deionized water to make a 30% lime slurry solution [30 lime / 100 g total solution
make up]. (*) Maxed out the viscometer’s capability.
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Table 1.4

Trials
1A
1B
2A
2B
3
4
5
6A
6B
7A
7B
8A
8B
8C
9A
9B
9C
10A
10B
10C

Experimental Trials of New Cottonseed Meal and Commercial In-House Soybean Meal Adhesive Mixes on Yellow
Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Data During July 2020 to October
2020.
Adhesive Application Spread Rate On A
Single Surface
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams

Cold Press Pressure
(psi)
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
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Cold Press Time
(Minutes)
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Hot Press Pressure
(psi)
46
161
161
46
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

Table 1.5

Trials
1A
1B
2A
2B
3
4
5
6A
6B
7A
7B
8A
8B
8C
9A
9B
9C
10A
10B
10C

Experimental Trials of New Cottonseed Meal and Commercial In-House Soybean Meal Adhesive Mixes on Yellow
Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Data During July 2020 to October
2020.
Hot Press
Time
(Minutes)
7
7
7
7
5
5
5
5
6
5
6
4
5
6
7
6
5
7
6
5

Hot Press Average
Temperature (°F)
275
275
275
275
290
290
290
290
290
290
290
290
290
290
290
290
290
290
290
290

Panels Tested
4
4
4
4
8
8
8
4
4
4
4
4
4
4
4
4
4
4
4
4

Summary Results of Water Resistance Tests
3 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels passed all three water bath and oven dry cycles
8 out of 8 panels failed after the first water bath and oven dry cycle
8 out of 8 panels failed after the first water bath and oven dry cycle
8 out of 8 panels failed after the first water bath and oven dry cycle
4 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels failed all three water bath and oven dry cycles
4 out of 4 panels failed all three water bath and oven dry cycles
3 out of 4 panels failed all three water bath and oven dry cycles
2 out of 4 panels failed all three water bath and oven dry cycles
3 out of 4 panels failed all three water bath and oven dry cycles
2 out of 4 panels failed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels failed all three water bath and oven dry cycles
2 out of 4 panels failed all three water bath and oven dry cycles
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Table 1.6

Trials
1A

Experimental Trials of New Cottonseed Meal and Commercial In-House Soybean Meal Adhesive Mixes on Yellow
Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Data During July 2020 to October
2020.

Summary Results of Water Resistance Tests

Percent
Trial
Success

6 out of 8 panels (34/48 specimens) passed all three water bath and oven dry cycles

75

Percent
Panel
Success

Percent
Specimen
Success

75

17/24 = 70.83%

1B

75

17/24 = 70.83%

2A

100

21/24 = 87.50 %

75

17/24 = 70.83%

0

0/48 = 0.00%

0

0/48 = 0.00%

0

0/48 = 0.00%

100

19/24 = 79.17%

25

4/24 = 16.67%

7 out of 8 panels (38/48 specimens) passed all three water bath and oven dry cycles

87.5

2B
3
4

24 out of 24 (144/144 specimens) panels failed after the first water bath and oven dry cycle

0

5
6A

5 out of 8 panels (25/48 specimens) failed all three water bath and oven dry cycles

37.5

6B
7A

0

0/24 = 0.00%

7B

25

4/24 = 16.67%

8A

50

11/24 = 45.83%

25

5/24 = 20.83%

50
100

21/24 = 87.50 %

75

16/24 = 66.67%

75

16/24 = 66.67%

75

15/24 = 62.50%

25

4/24 = 16.67%

50

9/24 = 37.50%

8B

7 out of 8 panels (44/48 specimens) failed after the three water bath and oven dry cycles

7 out of 12 panels (46/72 specimens) failed all three water bath and oven dry cycles

12.5

41.67

8C
9A
9B

10 out of 12 panels (53/72 specimens) passed all three water bath and oven dry cycles

83.33

9C
10A
10B

6 out of 12 panels (44/72 specimens) failed all three water bath and oven dry cycles

10C

16

50

10/24 = 41.67%

Testing Using The Dieffenbacher Hydraulic Hot Press
Moving forward as I switched to and used the 34 inches (863.60 mm) x 34 inches (863.60
mm) single platen Dieffenbacher North America, Inc. Hydraulic Steam Injected System and Hot
Oil Hot Press Serial No. 2-3581 with PressMAN Press industrial Programmable Logic
Controllers PLC Control System and Monitoring System Software (Windsor, Ontario, Canada)
in Departmental Building 2 Laboratory to press the dissertation research plywood specimens.
The Dieffenbacher Hot Press is a single-opening unit and the press cycle is computer controlled.
Hot plate platens were hot-oil heated. The hydraulic ram was automatically and manually
controlled to provide the required pressure to achieve the desired panel thickness, according to a
pre-programmed pressing schedule. I was trained to use the Dieffenbacher Hot Press in early
August 2020, where it was discovered that the chassis unit of the PLC motherboard hardware
was not working. This took 6-8 months to get the Dieffenbacher Hot Press up and running again.
Once the Dieffenbacher Hot Press was working properly again, it took me about two months,
during all of April and May 2021, to write a workable and accurate programmed pressing
schedule code. Since switching to a different hydraulic hot press machine, I conducted another
set of Trials 11-27 during May to September 2021 to figure out the process at various hot platen
temperatures, various times, constant pressure, using a thermocouple wire, etc. Trials 11-18 were
to refine the programmed pressing schedule code; therefore, no tests were conducted on them
besides adhesive data and assembling. Overall, during this second preliminary step, Trials 19-27
(excluding Trial 25, the commercial plywood specimens), had even more consistent temperature
on the hot platens outcome and consistent and higher success of water resistance tests too. For
preliminary data, Trials 19-27 (excluding Trial 25, the commercial plywood specimens), had
93.75 to 100.00% trial success, between 87.50 to 100.00% panel success, and had 87.50 to
17

100.00% specimens success per the ANSI/HPVA HP-1 (ANSI/HPVA 2020) standard of threecycle water resistance and oven dry cycle tests using various hot press times of 3, 4, and 5
minutes with the new cottonseed meal adhesive. See Tables 1.7 to 1.12 for a detailed summary
list of additional preliminary data using the Dieffenbacher Hot Press.
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Table 1.7

Experimental Trials of New Cottonseed Meal Adhesive Mixes Assembled on
Yellow Poplar (Liriodendron tulipifera) Hardwood Plywood Panels and Water
Resistance Testing During May 2021 to September 2021.

Hot Press
Time
Panels
(Minutes)
Tested
New Cottonseed Meal Trials
19
5
4 Panels
May 2021 to June 2021
20
5
4 Panels
21
5
4 Panels
June 2021
22
5
8 Panels
23
5
8 Panels
July 2021
24
4
12 Panels
26
3
8 Panels
August 2021 to September 2021
27
3
8 Panels
Month(s) of Experiment

Trials

19

Water Resistance
Preliminary Tests
Results
100% Passed
100% Passed
100% Passed
100% Passed
100% Passed
100% Passed
100% Passed
93.75% Passed

Table 1.8

Experimental Trials of New Cottonseed Meal Adhesive Mixes on Yellow Poplar (Liriodendron tulipifera) Hardwood
Plywood Panels with Raw Data and Preliminary Summary Results of Water Resistance Testing During May 2021 to
September 2021.

Ratio Water to
Trials
Dates
Powder
11
5/7/2021
2.5:1
12
5/10/2021
2.5:1
13
5/11/2021
2.5:1
14
5/11/2021
2.5:1
15
5/18/2021
2.5:1
16
5/21/2021
2.5:1
17
5/25/2021
2.5:1
18
5/25/2021
2.5:1
19
5/28/2021 to 6/8/2021
2.5:1
20
5/28/2021 to 6/8/2021
2.5:1
21
6/1/2021 to 6/8/2021
2.5:1
22
6/7/2021 to 6/30/2021
2.5:1
23
6/7/2021 to 6/30/2021
2.5:1
24
7/1/2021 to 7/14/2021
2.5:1
26
8/10/2021 to 9/1/2021
2.5:1
27
8/12/2021 to 9/1/2021
2.5:1
Notes: (*) Made 1 ½ batches of adhesive.

Meal Type
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed
New Cottonseed

20

Sodium Metabisulfite
(g)
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6

PAE
(g)
25
25
25
25
25
25
25
25
25
25
25
50
50
75*
50
50

PAE Age
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020
As of 8/17/2020

Table 1.9

Trials
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
27

Experimental Trials of New Cottonseed Meal Adhesive Mixes on Yellow Poplar (Liriodendron tulipifera) Hardwood
Plywood Panels with Raw Data and Preliminary Summary Results of Water Resistance Testing During May 2021 to
September 2021.
pH Viscosity
5.71 29,994
5.65 37,992
5.65 21,995
5.65 43,991
5.69 37,992
5.69 35,992
5.71 33,993
5.70 33,993
5.69 29,994
5.69 37,992
5.72 21,995
5.72 41,991
5.72 41,991
5.81 37,992
5.83 45,990
5.80 43,991

Veneer Age
~14 months
~14 months
~14 months
~14 months
~14 months
~14 months
~14 months
~14 months
~14 months
~14 months
~15 months
~15 months
~15 months
~16 months
~17 months
~17 months

Adhesive Application Spread Rate on a Single Surface Cold Press Pressure (psi)
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
19 grams
150
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Table 1.10

Experimental Trials of New Cottonseed Meal Adhesive Mixes on Yellow Poplar (Liriodendron tulipifera) Hardwood
Plywood Panels with Raw Data and Preliminary Summary Results of Water Resistance Testing During May 2021 to
September 2021.

Cold Press Time
Hot Press Pressure
Hot Press Time
Hot Press Average
Panels
Trials
(Minutes)
(psi)
(Minutes)
Temperature (°F)
Tested
11
5
180
5
246
4
12
5
360
5
280
4
13
5
360
5
287
4
14
5
360
5
291
4
15
5
195
5
271
4
16
5
180
5
300
4
17
5
180
5
274
4
18
5
180
5
286
4
19
5
180
5
278
4
20
5
180
5
289
4
21
5
180
5
265
4
22
5
180
5
269
8
23
5
180
5
268
8
24
5
180
4
277.5
12
26
5
180
3
247.5
8
27
5
180
3
249
8
Notes: Trials 12 to 15 were pressed using the Clifton Hot Press. Trial 11 and Trials 16 to 27 were pressed on a Dieffenbacher Hot
Press. Trial 25 was excluded, as it was part of the commercial soybean plywood panel that was used in Chapter 4 of this document.
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Table 1.11

Trials
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
27

Experimental Trials of New Cottonseed Meal Adhesive Mixes on Yellow Poplar (Liriodendron tulipifera) Hardwood
Plywood Panels with Raw Data and Preliminary Summary Results of Water Resistance Testing During May 2021 to
September 2021.
Summary Results of Water Resistance Tests
--------4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
8 out of 8 panels passed all three water bath and oven dry cycles
8 out of 8 panels passed all three water bath and oven dry cycles
12 out of 12 panels passed all three water bath and oven dry cycles
8 out of 8 panels passed all three water bath and oven dry cycles
7 out of 8 panels passed all three water bath and oven dry cycles
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Table 1.12

Trials
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
27

Experimental Trials of New Cottonseed Meal Adhesive Mixes on Yellow Poplar (Liriodendron tulipifera) Hardwood
Plywood Panels with Raw Data and Preliminary Summary Results of Water Resistance Testing During May 2021 to
September 2021.

Summary Results of Water Resistance Tests
--------4 out of 4 panels (23/24 specimens) passed all three water bath and oven dry cycles
4 out of 4 panels (23/24 specimens) passed all three water bath and oven dry cycles
4 out of 4 panels (23/24 specimens) passed all three water bath and oven dry cycles
8 out of 8 panels (48/48 specimens) passed all three water bath and oven dry cycles
8 out of 8 panels (48/48 specimens) passed all three water bath and oven dry cycles
12 out of 12 panels (69/72 specimens) passed all three water bath and oven dry cycles
8 out of 8 panels (43/48 specimens) passed all three water bath and oven dry cycles
7 out of 8 panels (44/48 specimens) passed all three water bath and oven dry cycles

24

Percent
Trial
Success
--------100
100
100
100
100
100
100
87.5

Percent
Panel
Success
--------100
100
100
100
100
100
100
87.5

Percent
Specimens
Success
--------23/24 = 95.83%
23/24 = 95.83%
23/24 = 95.83%
48/48 = 100.00%
48/48 = 100.00%
69/72 = 95.83%
43/48 = 89.58%
44/48 = 91.67%
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CHAPTER II
PRODUCTION OF YELLOW POPLAR INTERIOR PLYWOOD WITH COTTONSEEDBASED PROTEIN ADHESIVES
Shmulsky, R; Michael K. Dowd; Dercilio J.V. Lopes; George D. Miller, Jr.; Edward D.
Entsminger. 2021. Production of yellow poplar interior plywood with cottonseed-based protein
adhesives. Wood and Fiber Science 53(3): 206-215. https://doi.org/10.22382/wfs-2021-20.
Published online in August 2021. (Republished with permission with some updates).
Abstract
Defatted cottonseed and water-washed cottonseed meals were prepared from glandless
cottonseed and were used in adhesive formulations to produce three-ply yellow poplar plywood
panels. Adhesive resins were prepared from each protein meal with sodium metabisulfite
(Na2S2O5) and one of two polyamido-amine-epichlorohydrin (PAE) wet strength agents, and the
plywood panels were produced by hot pressing. Shear strength and water resistance were
determined by American Society for Testing and Materials (ASTM) and American National
Standards Institute for Hardwood and Decorative Plywood/Hardwood Plywood and Veneer
Association (ANSI/HPVA) methods and were compared with the properties of plywood panels
made with an adhesive formulated from a commercial soybean meal. Panels prepared from three
protein meals had comparable shear strengths. The combinations of the two cottonseed
preparations and the two wet strength agents produced panels with acceptable wet resistant
properties, whereas the soybean meal only produced acceptable panels with one of the wet
strength agents. Because the panels prepared from the two cottonseed meals had comparable
properties, there appears to be no benefit to including a water-washing step to increase the meal’s
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protein level. In contrast with a recent literature reports suggesting the addition of alkali to
elevate the formulation pH was necessary with cottonseed meal, suitable panels were prepared
herein without the addition of the base. This difference may have been due to the slightly higher
pressing temperature and longer press times used in this work compared with earlier results. The
cottonseed meals showed promise as formaldehyde-free hardwood-plywood wood-based
adhesives for interior applications.
Keywords
Cottonseed meal, shear strength, soybean meal, water resistance, wood adhesives, yellow
poplar hardwood plywood.
Introduction
The most commonly used adhesives in the wood composite industries are based on ureaformaldehyde, melamine-urea-formaldehyde, phenol-formaldehyde, or polyurethane
formulations (Dunky 2003). Among them, urea-formaldehyde-based adhesive is the primary
resin used for interior applications because of its bonding strength, rapid curing, and low cost
compared with other adhesives (Cheng et al. 2016; Conner 1996). However, due to concerns
about formaldehyde and its reclassification as a carcinogen by the World Health Organization
(WHO), there is an ongoing interest to eliminate the compound from the workplace (WHO
Liteplo et al. 2002). As part of this effort, there is a need to develop applicable lowformaldehyde or formaldehyde-free, bio-based, environmentally safe, wood-based adhesives
(Hodgson et al. 2002).
One approach to this issue is to consider the reapplication of protein-based adhesives.
Protein adhesives were commonly used in the wood products industry prior to the development
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of petroleum-based formulations (Lambuth 2003). Since the oil embargo crisis of the 1970s,
there has been renewed interest in developing these natural materials as adhesives for a variety of
reasons, namely eliminating formaldehyde to reduce employee exposure, consumer exposure,
environmental release, reduced petroleum reliance, and improved process sustainability (Marra
1992).
Because of the scale of the soybean oil industry and the large volumes of soybean meal
that are available, research in this area has focused on soybean proteins (Li 2012; Pizzi 2006;
Kumar et al. 2002), and interior plywood adhesives based on defatted soybean meal are currently
on the market (Malin 2005). In addition, other protein-based materials have been studied and
reported to produce good wood bonding. Among these proteins are wheat gluten (Xi et al. 2019;
Trischler et al. 2018; Khosravi et al. 2010), pea protein (Santoni and Pizzo 2013), peanut meal
(Li et al. 2015), and blood meal protein (Li et al. 2018a; Li et al. 2018b).
Considerable plywood manufacturing takes place in the southeastern region of the United
States. Although the southeastern United States produces soybeans (Glycine max (L.) Merr.), the
region has considerable agricultural acreage invested in cotton (Gossypium hirsutum L.)
production (Dodds and Pieralisi 2022; Irby 2022). This production generates not only cotton
fiber, but also an underutilized seed coproduct. By weight, more seed 1.4 kg (3.09 lbs.) are
produced per kilogram of fiber (Dowd et al. 2018). Because of the presence of a polyphenolic
compound gossypol in the seed that has anti-nutritional or even toxic properties toward several
animal species, few uses have been developed for this protein. As ruminant livestock animals can
tolerate gossypol, most of the seed is often used as feed for dairy cows. Alternatively, it is
processed to recover a food grade vegetable oil and a protein-based meal, with the latter also
being used for ruminant livestock animals. Because of the colocation of plywood manufacturers
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and the cotton processing plants in the southern United States, this protein could be used as a
potential environmentally safe and friendly, bio-based, formaldehyde-free wood adhesive.
Initial work conducted at the laboratory bench scale has indicated that cotton protein, in
the form of an isolate (>90% protein), a protein concentrate (>60% protein), or a meal (40-50%
protein), have potential to bind wood veneers together to make plywood (He et al. 2020; He et al.
2019; Cheng et al. 2017; Cheng et al. 2016a; Cheng et al. 2016b; He et al. 2014a; He et al.
2014b; Cheng et al. 2013). This work has shown that significant adhesive strength is possible,
and it has demonstrated that the water resistance of cottonseed proteins appears to be better than
that of soybean proteins. The process of transferring this work to producing plywood panels,
however, has only recently begun (Chen et al. 2020; Li et al. 2019).
As there are considerable differences in the formulations and pressing conditions used in
the literature, this work was conducted to better understand the need for some formulation
components, for example, sodium hydroxide (NaOH), and to see if whether pressing times could
be reduced. In addition, this work was designed to determine if whether there was any benefit to
increasing the protein level of the meal by water-washing and to start to prepare boards at
conditions similar to those used in typical commercial operations.
Therefore, the objectives of this research is to use two different cottonseed meal
preparations and a commercial in-house soybean meal (as a control) to make environmentally
friendly bio-based plywood adhesives using three different hot press times of 7, 8.5, and 10
minutes and two different polyamido-amine-epichlorohydrin (PAE) ratio solutions (1:7 and 1:8
ratio) at a constant hot press temperature of 135°C (275°F) and pressure of 1.241 MPa (180 psi).
In addition to prepare and test the properties of the plywood panels, another purpose in this work
is to start trying to reduce press times, as this factor directly relates to productivity and the
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potential for any commercialization. To that end, researchers start to explore the development
work needed for larger scale plywood production by focusing on cottonseed meal preparation,
press times, and the use of epichlorohydrin-based wet strength agents to improve performance of
the adhesive formulations.
Materials and Methods
Protein Preparation
The glandless and water-washed cottonseeds (low gossypol) specimens were derived
from some breeding efforts to move the glandless trait into some relatively recent Acala
cultivars. These were bred by the New Mexico State University. Commercial cottonseed has not
been manipulated by breeding or other genetic manipulation for seed or protein traits, so the
protein specimens of cultivars or other germplasm should be pretty much the same.
The cottonseed and soybean proteins used in this study were prepared in house, through
the USDA ARS Southern Regional Research Center in New Orleans, Louisiana, USA. Glandless
cottonseed (i.e. a low gossypol genotype) was cracked with a 20.32-centimeter ((cm) 8-inch)
plate mill, and the bulk of the hulls were separated with a 45.72-cm (18-inch) vibratory shaker
fitted with two stacked screens, a #4 mesh screen that retained the fuzzy hulls and a #12 screen
that allowed fine pieces to pass. The intermediate fraction consisted of the bulk of the kernel
pieces with some seed debris (i.e. hull fragments, fine sticks, etc.). The kernel pieces were
further cleaned by passing the material through a laboratory aspirator to remove the non-kernel
material. The cleaned kernels were then milled with a 20.32-cm (8-inch) pin mill to produce fullflat flour.
The cottonseed flour was defatted in 2-kilogram ((kg); (4.41-pounds (lbs.))) batches in a
20-liter ((L); 5.28 U.S. liquid gallons) rotary evaporator operated with 8 L (2.11 U.S. liquid
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gallons) of hexane at 20 revolutions per minute (RPM) and 50°C (122°F). The evaporator
functioned as an extractor by using a fluted mixing flask and redirecting the condenser
condensate back to the extractor. Each batch extraction was conducted for 2 hours. After
extraction, the meal was separated from the miscella (mixture of solvent and extracted oil) by
filtering on a pair of 250-mm (9.84-inch) i.d. Büchner flasks with medium-fast VWR Scientific
(Radnor, PA, USA) creped #417 filter paper and then was washed with additional fresh hexane
(~2 L (~0.53 gallon)) to remove as much of the hold-up miscella volume as possible. The
extraction, filtration, and washing were then repeated a second time to reduce the residual oil
level to below 1%. After the second washing, the meal was allowed to off gas residual hexane
under a laboratory fume hood. This cottonseed meal sample was used as the first experimental
protein. The composition of this glandless cottonseed meal was called “Mississippi Glandless
Seed, Mississippi Dehulled-Defatted Cottonseed Meal” and had a sample mass = 150.6 mg to
152.1 mg, nitrogen rep = 14.199 mg to 14.319 mg, nitrogen percentage = 9.414% to 9.428%,
moisture content (MC) = 0.00%, and a protein level = 56.49% to 56.57%. This product formed
the first experimental cottonseed meal protein sample was called “cottonseed meal” from here on
out. This material was analyzed for nitrogen with a LECO (Model 528, St. Joseph, MI, USA)
combustion nitrogen analyzer and found to have 9.4% nitrogen, corresponding to 56.53% protein
(N x 6.0) [Nitrogen to protein conversation factor = 6.0].
Approximately half the above cottonseed meal was water-washed to remove soluble
carbohydrate (mostly rafffinose). The water-washed cottonseed meal was prepared in 1.75 kg.
(3.86 lbs.) batches by mixing 10 L (2.64 gallons) of deionized filtered water in a 19-L (5-gallon)
bucket. The mixture was stirred at room temperature with a pail mixer for 30 minutes. The meal
was then separated by centrifugation in 1-L (0.26-gallon) bottles at 8,000 x g (speed x gravity)
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for 10 minutes, and then the liquids were decanted. Each bottle was then refilled with fresh
deionized water, the protein re-dispersed, and re-centrifuged at the same conditions. The washed
cottonseed meal from the second centrifugation was recovered as previously stated and then
freeze-dried. The process increased the protein concentration to levels slightly below those of a
protein concentrate. This product formed the second experimental protein sample. The
composition of this water-washed cottonseed meal was called “Mississippi Water-Extracted,
Mississippi Dehulled-Defatted Water-Washed Cottonseed Meal” and had a sample mass = 148.8
mg to 151.0 mg, nitrogen rep = 16.301 mg to 16.565 mg, nitrogen percentage = 10.955% to
10.970%, moisture content (MC) = 0.00%, and a protein level = 65.73% to 65.82%. This product
formed the second experimental cottonseed meal protein sample was called “water-washed
cottonseed meal” from here on out. After re-equilibrating at atmospheric conditions, nitrogen
analysis yielded a total nitrogen level of 10.96% corresponding to 65.78% protein.
The commercial source soybean protein meal used was Prolia 200/70 from Cargill, Inc.
(Wayzata, Minnesota, USA). It was specified as a 50.0% protein product that had been classified
with particle sizes between 70 and 200 mesh and had a protein dispersion index of 70.0. The
composition of the soybean meal was called “Mississippi Soybean Flour” which had a sample
mass = 150.9 mg to 153.0 mg, nitrogen rep = 12.379 mg to 12.489 mg, nitrogen percentage
8.163% to 8.203%, moisture content (MC) = 0.00%, and a protein level = 48.98% to 49.22%.
Nitrogen analysis gave a nitrogen level of 8.18% corresponding to 49.10% protein. This was
third experimental meal protein sample was called “commercial in-house soybean meal” product
from here on out.
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Adhesive (Resin) Preparation
All adhesives were synthesized in the laboratory under ambient conditions. Component
amounts are as described in Table 2.1 and varied as needed to yield adhesive with a suitable
viscosity range. Each protein was mixed with deionized water at ambient temperature with
moderate stirring until fully dispersed. While maintaining stirring, sodium metabisulfite
(Na2S2O5) was then added to modify viscosity and one of two PAE preparations was added to
improved water resistance. Sodium metabisulfite amounts varied based off the protein level of
each meal type. The PAE preparations tested were Kymene™ Soyad™ CA1130 and CA1920A
from Solenis, LLC (Wilmington, Delaware, USA). The amounts added were based on the
manufacturer’s recommendation. The CA1130 had 30% solids, a higher molecular weight, and a
medium cationic charge density was used at a 1:7 weight ratio, whereas the CA1920A had 20%
solids, a reduced molecular weight, and higher cationic charge, was used at a 1:8 weight ratio.
The PAE CA1130 product formulation type used had 30% solids, pH between 2.4 to 2.8, a
relative density = 1.0 to 1.1 g/cm3 at 25°C, > 0.1% organic acid, viscosity when made = 100 to
190 cps, dynamic viscosity of 104 mPa.s at 25°C, no component of this product present at levels
greater than or equal to 0.1 was listed and identified as a carcinogen or potential carcinogen by
IARC, OSHA, and NTP, was an amber colored liquid, and had a medium cationic charge resin
density at a 1:7 weight ratio. The PAE CA1920A product formulation type used had 20% solids,
pH 3.0, a relative density = 1.06 g/cm3 at 20°C, dynamic viscosity of 125 mPa.s at 25°C, no
component of this product present at levels greater than or equal to 0.1 was listed and identified
as a carcinogen or potential carcinogen by IARC, OSHA, and NTP, was an amber colored liquid,
and had a medium cationic charge resin density at a 1:8 weight ratio.
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Hydrated lime (calcium hydroxide, Ca(OH)2) was added to the soybean preparations (10
mL of a 23% w/v [weight per volume] lime dispersion), as the addition of a base better simulated
current and historical industry practice (Lambuth 2003). Hydrated lime was not added to the
cottonseed formulations, as preliminary experiments found it to be detrimental to the curing of
the plywood panels and water resistance of the samples.
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Table 2.1

Formulation of cottonseed and commercial soybean protein meal wood adhesives.

Commercial Soybean Meal

CA1130

PAE
Weight
(g)
85.7

Commercial Soybean Meal

CA1920A

75.0

Protein

Typea

Cottonseed Meal
Cottonseed Meal
Water-Washed Cottonseed Meal

PAE
Typeb

CA1130

100.0

Deionized
Water Weight
(g)
400

Protein
Weight
(g)
200

Na2S2O5c
Weight
(g)
2.5

Viscosity
(cP)

Final
pH

212 × 103

10.3

400

200

2.5

380 × 103

10.5

2.8

230 × 10

3

5.6

3

5.5

500

200

CA1920A

87.5

500

200

2.8

466 × 10

CA1130

100.0

500

200

3.3

794 × 103

5.4

288 × 104

5.6

Water-Washed Cottonseed Meal CA1920A
87.5
500
200
3.3
a
Notes: Water-Washed Cottonseed Meal had soluble carbohydrates removed.
b
PAE = polyamido-amine-epichlorohydrin wet strength agent types.
c
Sodium metabisulfite (Na2S2O5) amounts varied based off the protein level of each meal type.
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Panel Preparation
Three-ply plywood panels were pressed from 30.48 cm wide x 30.48 cm x 3.5 mm (12.00
inch x 12.00 inch x 0.138 inch) sheets of yellow poplar/tulip poplar (Liriodendron tulipifera L.)
veneer. Adhesive was applied with a 10.16-cm (4.00-inches) wide plastic roller to one side of a
veneer. A second layer of veneer was placed over the adhesive with its grain oriented
perpendicular to the core layer’s grain. The process was repeated with a second layer of adhesive
and a third layer of veneer again oriented perpendicular to the middle layer. Adhesive spread
rates on plywood are generally 30-45 lbs. of adhesive solids per thousand square feet of single
glue line (Baldwin 2016; Sellers 1985). Based on this I used 19 grams single surface application
spread rate of resin solids per square foot, which equates to 19,000 grams per thousand square
feet of single glue line. For upscaling or commercialization, 19,000 grams / 453.59 grams per
pound = 41.89 pounds / thousand square feet of single glue line. The amount of adhesive applied
to each panel was 40 + 2 grams (g), which equates to approximately 220 g of resin per square
meter of glue line (i.e. about 45 pounds per 1,000 square feet). After preparation, the panels were
cold pressed at 25°C (77°F) and 1.03 MPa (150 psi) for 5 minutes, and then transferred
immediately to a Clifton Hydraulic Hot Press (Model 0390; Clifton, New Jersey). The hot press
conditions were 135°C (275°F) and 1.241 MPa (180 psi). Hot press times were 7, 8.5, and 10
minutes, respectively. Four panels were prepared with each resin formulation and press time, for
a total of 72 panels.
Shear Strength Test
The shear strength of the plywood was determined using a universal testing machine in
accordance with American Society of Testing Materials (ASTM) D906-98R17 Standard Test
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Method for Strength Properties of Adhesives in Plywood Type Construction in Shear by Tension
Loading (ASTM 2017). Six test specimens of 25.4 mm x 82.6 mm (1.00 inch x 3.25 inches) size
were cut from each prepared panel. The outer veneer layers of each specimen were cut to yield a
25.4 mm x 25.4 mm (1.00 inch x 1.00 inch) bonded area for testing. The specimens were then
conditioned at approximately 25°C (77°F) and 65% relative humidity (RH) prior to testing. The
testing machine was operated with a crosshead speed of 23 mm/min, and shear strength values
were calculated using the follow equation:
Shear Strength (MPa) =

Maximum Tension Force at Break (N)

(2.1)

2

Gluing Area (mm)

Water Resistance Test
The water resistance of the plywood panels was determined with a three-cycle soak test
in accordance with the American National Standards Institute for Hardwood and Decorative
Plywood/Hardwood Plywood and Veneer Association (ANSI/HPVA HP-1 2016). Six specimens
of 5.08 cm x 12.70 cm (2.00 inches x 5.00 inches) size were cut from each panel and were
soaked in filtered deionized water at 24 + 3°C (75 + 5°F) for 4 hours, and then dried between
49°C and 52°C (120°F and 125°F) for 19 hours with sufficient air circulation to lower the
moisture content (MC) of specimens to 12% or below of the oven-dry weight (ANSI/HPVA HP1 2016). This soaking and drying process was repeated three times. The degree of delamination
of each specimen was measured after every cycle according to the standard as any continuous
opening between two veneer layers longer than 5.08 cm (2.00 inches), deeper than 0.635 cm
(0.25 inch), and wider than 0.008 cm (0.003 inch).
The test requires that five of the six specimens pass the first soak cycle and four of the six
specimens pass the third soak cycle for a given plywood parent panel to pass the test
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(ANSI/HPVA HP-1 2016). It also requires that for any treatment to have passed the test, 95% of
the specimens must pass the first soak cycle and 85% of the specimens tested must pass the third
soak cycle (ANSI/HPVA HP-1 2016).
Statistical Analysis
The shear strength data were analyzed in a full factorial arrangement of treatments
(protein meal types, PAE types, and hot pressing times) in a completely randomized with subsampling design, based on the replicated panels. The data were reported as mean value and
standard deviation. The treatment factors were evaluated using analysis of variance (ANOVA)
(F-test: p ≤ 0.05). Additionally, a Tukey multiple mean comparison test was used to assess
whether any differences were apparent among the tested proteins. All analyses were conducted
using SAS software version 9.4 (SAS Institute 2013; Cary, NC).
Results
Panels formed with all treatment combinations exhibited acceptable and high shear
strength (Figure 2.1). No standard shear strength levels exist for these types of products. As
stated in the American Plywood Association (APA) Voluntary Product Standard PS 1–19 (APA
2020), as long as a plywood panel is manufactured using the veneer grades, adhesive, and
construction established in the standard’s prescriptive requirements, the panel is by definition
acceptable. Commercial acceptability is ultimately governed by wood failure and wood strength.
As long as the primary location of failure is in the wood and not in the adhesive, then the
adhesive is considered to be developing sufficient minimum strength. Although some variation
was apparent in individual samples, there were few notable trends among the strength developed
for either cottonseed meals or commercial soybean meal. The ANOVA indicated three
42

statistically significant effects (Table 2.2). A Tukey multiple mean comparison test ( ≤ 0.05)
detected statistical differences in the three tested protein meal types. The direct effect was for
protein meal type, as this factor was statistically significant (p = 0.0429). The ANOVA also
indicated a significant interactions between protein meal type and PAE type (p = 0.0097). In
addition, there was also a statistical difference detected among panels (p < 0.0001).
Most of the cottonseed and commercial soybean-based panels passed the three-cycle
ANSI/HPVA water resistance tests (Figure 2.2). The single combination of treatments that
showed some difficulty with this test was the soybean-based meal incorporating the CA1130
PAE product at the lower press times; however, at the 10 minutes press time, all four plywood
panels produced with this combination of protein and PAE treatment passed the test.
By pooling panels by protein meal type or PAE type, an assessment was made as to the
water resistance of the treatment factors under the standard. Both the cottonseed meal and waterwashed cottonseed meal passed the three-cycle test with 90.3% and 91.7% of the specimens
passing the test. The commercial soybean meal did not pass the test with only 70.1% of the
specimens passing after the third cycle. However, if the treatment with CA1130 was neglected,
the commercial soybean protein also passed with 100% of the specimens tested. Similarly, the
CA1920A PAE treatment also passed with 95.3% of the specimens passing the test. However,
the CA1130 treatment did not pass the standard with only 74.5% of the specimens tested. Again,
the difference was due to the failing of the combination of the commercial soybean meal with the
CA1130 PAE treatment factor.
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Table 2.2

The analysis of variance (ANOVA) statistical output test for fixed effects of
cottonseed and soybean protein meal-based plywood adhesives.

Fixed Effectsa
DF
Sum of Squares
Protein Meal Type
2
9.5834
PAE
1
0.0391
Time
2
0.1400
Protein Meal Type*PAE
2
6.9808
Protein Meal Type*Time
4
9.2319
PAE*Time
2
1.4575
Protein Meal Type*PAE*Time
4
8.1569
Panel
54
77.4940
Residual
360
15.8233
a
Notes: PAE = polyamido-amine-epichlorohydrin wet strength agents.
*
Denotes statistically significance at  ≤ 0.05 level.
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F-Value
3.34
0.03
0.05
2.43
1.61
0.51
1.42
32.65
—

p-Value
0.0429*
0.8695
0.9524
0.0097*
0.1855
0.6045
0.2395
<0.0001*
—

Figure 2.1

Shear strength of cottonseed meal–based and commercial soybean meal–based yellow poplar (Liriodendron tulipifera
L.) hardwood plywood adhesives formulated with two different polyamido-amine-epichlorohydrin (PAE) wet strength
agents (CA1920A and CA1130) and prepared with three hot press times (7, 8.5, and 10 minutes). The bars represent
standard deviations (S.D.) of the mean.
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Figure 2.2

Number of acceptable panels produced from cottonseed meal–based and commercial soybean meal–based yellow poplar
(Liriodendron tulipifera L.) hardwood plywood panels following ANSI/HPVA HP-1 water resistance testing. Plywood
panels were formulated with two different polyamido-amine-epichlorohydrin (PAE) wet strength agents (CA1920A and
CA1130) and prepared with three hot press times (7, 8.5, and 10 minutes).
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Discussion
Early patent literature on protein-based adhesives mentions cottonseed protein among
several protein sources as being potentially useful as a glue or wood adhesive (White 1943;
Galber and Dike 1942; Johnson 1935; Osgood 1926). The first reported research studies looking
at shear strength and chemical resistance properties of defatted cottonseed meal were by Hogan
and Arthur (1952; 1951a; 1951b). These reports compared the shear strength properties of wood
bonded with defatted cottonseed meal, defatted peanut meal, and casein proteins, and concluded
that cottonseed protein could be a potential competitor to these other proteins. However, little
follow-up work was conducted at the time, and it was not until the mid-2010s that the topic was
re-explored.
Starting around 2013; Cheng and coworkers (Cheng et al. 2017; Cheng et al. 2016;
Cheng et al. 2013) reported on the use of cottonseed protein isolate, a ~90% protein product, to
bond thin wood veneers, both as is and with a series of compounds supplemented to test for an
increase either bonding adhesion or water resistance. At the same time, He and coworkers (He et
al. 2019; He et al. 2014a; He et al. 2014b) started related work with cottonseed meals, which are
lower in protein (~45%-60%), but easier to prepare. These studies found comparable adhesive
strengths and improved water resistance comparable to that of soybean meal-based adhesives
tested as controls.
In the past few years, this research area has been extended to prepare and test plywood
panels and other products from cottonseed protein formulated adhesives. Li et al. (2019)
prepared panels as part of a study on the use of phosphorus and calcium additives to improve the
adhesive water resistance. The study found that cottonseed protein isolate fortified with
phosphoric acid produced southern yellow pine (Pinus spp. L.) three-ply plywood that passed the
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ANSI/HPVA HP-1 (2016) tests for use as internal hardwood plywood (Li et al. 2019). The
panels were hot pressed at 170°C (338°F) for 10 minutes. Chen et al. (2020) produced five-ply
panels from yellow poplar veneer with in-house extracted cottonseed meal. This is the first
known study to include a wet strength agent (such as PAE) in the bio-based adhesive formulation
with various pressing times and temperatures. Chen et al. (2020) also reported that acceptable
panels could be produced at temperatures between 120°C and 150°C (248 and 302°F) and at hot
press times greater than 4 minutes. He et al. (2019) also studied the use of a washed cottonseed
meal to bond wood pencils, but with relative low press temperature of 40°C (104°F) and very
long press times (60-90 minutes). They report acceptable pencils that were prepared, but the long
press times are a clear disadvantage.
In this work, suitable panels were produced when formulated with two different
epichlorohydrin wet strength agents and at hot press times between 7 and 10 minutes. The
mechanical shear bond strength of the panel specimens appeared comparable to those reported in
earlier studies, and no obvious trends suggesting that strengths were affected by either wet
strength agents or with lower hot press times were apparent. The results for the two cottonseed
protein products indicate that there is no specific improvement for the adhesive strength or water
resistant properties for the water-washed cottonseed meal, compared with the unwashed
glandless cottonseed meal. Hence, there is little added benefit associated with the additional
steps used to reduce soluble carbohydrates. While this study was not specifically focused on the
production of any specific interior-grade wood product, the results suggest a relatively wide
degree in latitude in the choice of conditions and formulations used. Specifically herein, 7 to 10
minutes achieved results comparable to another bio-based adhesive (soybean).
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Many of the published journals and reports shown in Cheng et al. (2017; 2016; 2013) and
He et al. (2020; 2019; 2014a; 2014b) on glued thin veneers used relatively low press temperature
(80-120°C) and relatively long press times (10-30 minutes). In addition to also wanting to
prepare and test the properties of the plywood panels, one purpose of this work was to start
trying to reduce press times, as this factor directly relates to productivity and the potential for
any commercialization. Typical commercial press temperatures range from 107°C to 135°C
(225°F to 275°F) for hardwood plywood, whereas press times generally range from 2 to 7
minutes (Adhikari et al. 2016; U.S. EPA 2002). However, the time and temperature vary greatly
depending on the wood species used, resin used, and the press design as well as panel thickness,
ambient temperature, bleed through considerations, etc. (U.S. EPA 2002). The choice of 7, 8.5,
and 10 minutes hot press times and a 135°C (275°F) press temperature in this study was based on
these factors, and in this work these times produced suitable panels for interior applications as
specified by ANSI/HPVA HP-1 (2016). Chen et al. (2020) also recognizes the importance of
press time and tested times from 2 to 6 minutes at a press temperature of 120°C (248°F) and
found they could press panels to pass the water resistance standard in as little as 4 minutes. This
was impressive as they were preparing 25-mm (1.00-inch) thick, five-ply panels, and the inner
adhesive layers were 10 mm (0.39 inch) removed from the press surfaces. The results suggest
that press times can be reduced to values that would compete with many current industrial press
times. Still, a better understanding of the parameter flexibility that exists in this adhesive system
is warranted. By increasing press temperature, press times might be further reduced, and
optimization of these factors would be useful for different combinations of board ply number and
thickness. Herein, three-ply panels were made, which were very similar in thickness to those
used in commercial and industrial production.
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One difference of note between this dissertation research and the Chen et al. (2020) work
is the use of basic or alkaline conditions in the formulations. During initial work for this study,
hydrated lime was added to the cottonseed formulations to increase the pH, as is common in
reported formulations of soybean-based adhesives (Lambuth 2003), but difficulties were found in
preparing and testing the panels, including viscosity issues, plywood panels off-gassing (or
burping) during pressing, and frequent delamination after water soaking tests. Given that a base
was not used in many of the earlier reports with cottonseed proteins, it was not included in the
final formulations for this study. In contrast, Chen et al. (2020) reported added sodium hydroxide
(NaOH) to their formulations. In this work, tested acceptable panels were prepared at or above
pH 11.0, which would suggest that some base addition was necessary. Additionally, the effect of
pH was found to be quite variable in a study of the adhesive performance of cottonseed protein
fractions used to glue thin maple (Acer spp. L.) veneers (He at al. 2020). It is not clear why these
differences have been observed in numerous reports. Like most proteins, cottonseed protein is
more soluble at basic conditions (e.g., as is used to prepared cottonseed protein isolate (CSPI)),
and the protein chains may well have more mobility in the formulations during pressing,
allowing them to find favorable binding interactions with the epichlorohydrin and other
components. Possible mobility of the protein chains can be compensated to a degree by the
higher press temperature used in this work, as has been suggested by Li et al. (2017) in testing
the effect of different meal drying methods on adhesive performance.
For most literature reports on the use of cottonseed protein as a wood adhesive, the tested
cottonseed protein isolate or defatted meals were prepared in-house and were not commercial
preparations. Current cottonseed oil extraction operations results in a relatively low-protein
product (~41%) that has some level of fibrous hull and linter material present. Additionally, this
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material generally has been exposed to considerable heating before and after oil extraction. Both
factors will likely degrade the protein’s adhesive properties. Hence, some modification of the
current processing practice would be needed to allow cottonseed protein to best compete as a
bio-based wood adhesive. These modifications might include better separation of the hulls from
the kernel tissue and the addition of more meal desolventizer-toaster capacity to allow the heaters
to run at lower temperatures. Although these are not insurmountable changes, the added costs
would need to be compensated by some additional value for the resulting meal.
Conclusions
Yellow poplar hardwood plywood panels with two different PAE water resin
formulations were tested. Defatted cottonseed meal and water-washed cottonseed meal both
produced hardwood plywood panels with sufficient adhesive strength and water resistance to be
used for interior applications. As panels prepared from both cottonseed meals had comparable
properties, there appeared to be little advantage of water-washing the meal to remove soluble
carbohydrates and increase the protein level of the cottonseed meal. Panels prepared in this work
were made from adhesive formulation prepared without the inclusion of sodium hydroxide
(NaOH), which contradicts some prior literature in this area, and this difference is not yet well
understood. Although some modification of the oil extraction processes used to make cottonseed
meals may be needed, cottonseed protein appears to be able to compete with soybean protein for
use as interior wood adhesives.
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CHAPTER III
FEASIBILITY OF COTTONSEED-BASED PROTEIN MEALS AS BIO-BASED
ADHESIVES FOR USE IN YELLOW POPLAR (LIRIODENDRON
TULIPIFERA) INTERIOR HARDWOOD PLYWOOD
Abstract
Literature review investigations have shown that production of cottonseed adhesive is
technically feasible process to develop an environmentally friendly and competitive bio-based
wood adhesive. The objective of this study was to further develop cottonseed adhesive such that
it may become comparable to soybean-based adhesives in the interior hardwood plywood sector.
Therefore, defatted new cottonseed and water-washed cottonseed meals were prepared from
glandless cottonseed and were used in adhesive formulations to produce three-ply yellow poplar
(Liriodendron tulipifera L.) plywood panels. Adhesive resins were prepared and synthetized
from each protein meal with deionized water, sodium metabisulfite (Na2S2O5), and a 1:7 ratio of
polyamido-amine-epichlorohydrin (PAE) wet strength resin agent, and the plywood panels were
manufactured and produced by hot pressing. The four three-ply plywood panels were hot pressed
for 4, 5, and 6 minutes at 135°C (275°F) with a constant pressure of 1.241 MPa (180 psi).
Mechanical shear strength and water resistance tests were determined by the American Society
for Testing and Materials (ASTM D906-20; ASTM 2020a) and the American National Standards
Institute, American National Standard for Hardwood and Decorative Plywood/Hardwood
Plywood and Veneer Association (ANSI/HPVA HP-1 2020) standard methods and were
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compared with the properties of plywood panels that were made with an adhesive formulated
from a commercial in-house soybean meal and purchased commercial soybean plywood panels.
The protein meal types and pressing times were designed as the sources of variation for the
ANOVA statistical analysis. Panels prepared from the three protein meals (new cottonseed,
water-washed cottonseed, and commercial in-house soybean) had comparable mechanical shear
strengths and water resistance properties. Because the panels prepared from the two cottonseed
meals had comparable properties, there appears to be no benefit to including a water-washing
step to increase the meal’s protein level. In contrast with recent literature reports, suggesting the
addition of alkali to elevate the formulation pH was necessary with the cottonseed meals suitable
panels, as they were prepared herein without the addition of the base. Results indicated that press
times, meal types, and interactions were statistically significant. Shear strength results indicated
that cottonseed could be used alternatively to soybean. In general, the new cottonseed panels
were more resistant to delamination than soybean. The cottonseed protein meals showed great
promise for applicability as a formaldehyde-free, bio-based, and environmentally friendly
product for use as an interior application type hardwood plywood wood-based adhesive. Future
research will aim to enhance commercial viability and implementation into the industry.
Keywords
Cottonseed meal, soybean meal, wood adhesives, bio-based adhesives, water resistance,
mechanical shear strength, yellow poplar hardwood plywood, commercial hardwood plywood.
Introduction
The most common adhesive types used in the wood composite industries are based on
urea-formaldehyde, melamine-urea-formaldehyde, polyurethane, or phenol-formaldehyde
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formulations (Baldwin 2016; Zhang et al. 2013; Dunky 2003; Dunky 1998; Sellers 1985).
Among them, urea-formaldehyde-based adhesive is the primary resin applied for interior
applications because of its bonding strength, rapid curing, and low cost when compared to other
adhesives (Cheng et al. 2016a; Zhang et al. 2013; Conner 1996). However, due to concerns about
formaldehyde toxicity and its reclassification of the compound as a carcinogen by the World
Health Organization (WHO), there is an ongoing interest to reduce exposure and to eliminate the
compound from the workplace environment (Liteplo et al. 2002). As part of this effort, there is a
need to develop applicable low-formaldehyde or formaldehyde-free, bio-based, environmentally
safe, wood-based adhesives (Shmulsky et al. 2021; Reh et al. 2019; Roffael 2006; Kim and Kim
2005; Umemura et al. 2003; Hodgson et al. 2002).
One approach to this issue is to consider the re-application of protein-based adhesives.
Protein-based adhesives were commonly used in the wood products industry prior to the
development of petroleum-based formulations (Lambuth 2003). Since the oil embargo crisis of
the 1970s, there has been renewed interest in developing these natural bio-based materials as
adhesives for a variety of reasons, namely eliminating formaldehyde to reduce employee
exposure, consumer exposure, environmental release, reduced reliance on petroleum, and
improved process of sustainability in wood product manufacturing plants and in a various wood
construction products overall (Marra 1992).
Because of the scale of the soybean oil industry and the large volumes of soybean-based
meal that are available, much of the research in this area focused on soybean proteins (Frihard
and Birkeland 2014; Li 2012; Pizzi 2006; Lambuth 2003; Kumar et al. 2002), and interior
plywood adhesives based on defatted soybean meals are currently in the market (Malin 2005).
Additionally, a number of other protein-based materials have been studied in this regard and
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reported to produce good wood bonding quality. Among these proteins are wheat gluten (Xi et
al. 2019; Trischler et al. 2018; Khosravi et al. 2010), pea protein (Santoni and Pizzo 2013),
peanut meal (Chen et al. 2018; Li et al. 2018), and blood meal protein (Li et al. 2018a; Li et al.
2018b).
Considerable plywood manufacturing takes place in the southeastern region of the United
States. Although the southeastern United States produces soybeans (Glycine max (L.) Merr.), the
region has considerable agricultural acreage invested in upland cotton (Gossypium hirsutum L.)
production (Dodds and Pieralisi 2022; Irby 2022; Shahbandeh 2022; USDA NRCS 2022;
Johnson et al. 2018; Glade et al. 1996). This production generates not only cotton fiber, but also
an underutilized seed co-product. By weight, more seed 1.4 kg (3.09 lbs.) are produced, per
kilogram, than cotton fiber (Dowd et al. 2018). Because of the presence of a polyphenolic
compound called gossypol in the cottonseed and meal, it that has anti-nutritional and even toxic
properties toward a number of animal species, therefore, few other uses have been developed for
this type of protein. As ruminant livestock animals can tolerate low amounts of gossypol, most of
the seed is often directly used as feed for dairy cows. Alternatively, it is processed to recover a
food grade vegetable oil and a protein-based meal, with the latter also being used to feed
ruminant livestock animals. Because of the co-location of plywood manufacturers and the cotton
processing plants in the southern United States (Johnson et al. 2018), this protein could be used
as a potential environmentally safe and friendly, bio-based, formaldehyde-free wood adhesive
(Shmulsky et al. 2021).
Initial work, conducted as the laboratory bench scale, has indicated that cottonseed
protein, in the form of an isolate (>90% protein), a protein concentrate (>60% protein), or a meal
(40-50% protein) have great potential to bind wood veneers together to make softwood and
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hardwood plywood products (NCPA 2022; Shmulsky et al. 2021; He et al. 2020; He et al. 2019;
Stratton 2019; Cheng et al. 2017; Cheng et al. 2016a; Cheng et al. 2016b; He et al. 2015; He et
al. 2014a; He et al. 2014b; Cheng et al. 2013). This work has shown that significant adhesive
strength is possible, and it has demonstrated that the water resistance of cottonseed proteins
appears to be better than that of soybean proteins. The process of transferring this work to
producing plywood panels, however, has only recently begun (Shmulsky et al. 2021; Chen et al.
2020; Li et al. 2019).
As there are considerable differences in the formulations and pressing conditions used in
the literature, as this work was conducted to better understand the need for not requiring certain
formulation components, for example, calcium hydroxide (Ca(OH)2) or sodium hydroxide
(NaOH), and to see whether hot pressing times could be drastically reduced. In addition, this
work was designed to determine whether there was any benefit to increasing the protein level of
the cottonseed meal by water-washing it and to start to prepare boards at conditions similar to
those used in typical commercial plywood operations setting.
Therefore, the objectives of this research was to use two different cottonseed meal protein
preparations (53% protein new cottonseed meal and 66% protein water-washed cottonseed meal)
and a commercial in-house soybean meal (as a control, 49% protein) to make environmentally
friendly bio-based plywood adhesives using three different hot press times of 4, 5, and 6 minutes
and a polyamido-amine-epichlorohydrin (PAE) solution at a constant hot press temperature of
135°C (275°F) and pressure of 1.241 MPa (180 psi). Commercially manufactured soybean
adhesive hardwood plywood panels were purchased to test and compare the three adhesive types
against a commercial known product. In addition to prepare and test the properties of the
plywood panels, another purpose in this work is to start trying to reduce press times, as this
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factor directly relates to productivity and the potential for any commercialization. To that end, I
started to explore the development work needed for larger scale plywood production by focusing
on cottonseed meal preparation, press times, and the use of epichlorohydrin based wet strength
resin agent to improve performance of the adhesive formulations.
Material and Methods
Materials
Protein Preparation
The seed used to prepare the regular (moderate to high gossypol) specimen was from the
cultivar Delta‐Pine 1321. The glandless water-washed cottonseed (low gossypol) specimens
were derived from some breeding efforts to move the glandless trait into some relatively recent
Acala cultivars. These were bred by the New Mexico State University. Commercial cottonseed
has not been manipulated by breeding or other genetic manipulation for seed or protein traits, so
the protein specimens of cultivars or other germplasm should be pretty much the same.
The cottonseed and soybean proteins used in this study were prepared in house, through
the USDA ARS Southern Regional Research Center in New Orleans, Louisiana, USA. Glandless
cottonseeds, a moderate gossypol genotype (0.75% total gossypol), were cracked and dehulled
with a 20.32-centimeter ((cm) 8-inch) diameter Bauer grinding mill. The bulk of the hulls were
separated with a 45.72-cm (18-inch) Kason vibratory shaker fitted with two stacked screens, a
#4-mesh screen that retained the fuzzy hulls and a #12-mesh screen that allowed fine pieces to
pass. The intermediate fraction consisted of the bulk of the kernel pieces with a small amount of
seed debris, such as larger hull fragments, fine sticks, etc. The kernels pieces were further
cleaned by passing the material through a Rapso laboratory aspirator to remove additional non-
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kernel material. The cleaned kernels were then milled within the Alpine Model 160-Z pin mill
power using a 20.32-cm (8-inch) pin mill to produce the full-flat fine cottonseed flour.
The milled cottonseed kernel tissue flour was defatted in 2-kilogram ((kg); (4.41-pounds
(lbs.))) batches in a 20-liter ((L); 5.28 U.S. liquid gallons) Buchi rotary evaporator operated with
8 L (2.11 U.S. liquid gallons) of hexane at 20 revolutions per minute (RPM) and 50°C (122°F).
The evaporator functioned as an extractor by using a fluted mixing flask and redirecting the
condenser condensate back to the extractor. Each batch extraction was conducted for 2 hour.
After extraction, the meal was separated from the miscella (mixture of solvent and extracted oils)
by filtering on a pair of 250-mm (9.84-inch) i.d. Büchner flasks with medium-fast VWR
Scientific (Radnor, PA, USA) creped #417 filter paper and then was washed with additional
fresh hexane (~2 L (0.53 gallon)) to remove as much of the hold-up miscella volume as possible.
The extraction, filtration, and washing were then repeated a second time to reduce the residual
oil levels to below 1.00%. After the second washing, the meal was allowed to off gas residual
hexane under a laboratory fume hood. The composition of this cottonseed powder was called
“SRRC Defatted <1%, New Dehulled-Defatted Cottonseed Meal” and had a sample mass =
148.9 mg to 153.0 mg, nitrogen rep = 13.20 mg to 13.60 mg, nitrogen percentage = 8.865% to
8.980%, moisture content (MC) = 0.00%, and a protein level = 53.19% to 53.89%. This
cottonseed meal sample was used as the first experimental protein and was called the “new
cottonseed meal” product from here on out. This material was analyzed for nitrogen with a
LECO (Model 528, St. Joseph, MI, USA) combustion nitrogen analyses yielded an average
nitrogen level of 8.90% nitrogen, corresponding to an average of 53.40% protein level (N x 6.0)
[Nitrogen to protein conversation factor = 6.0].
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In addition, approximately half the Chapter 2 first experimental glandless cottonseed
protein meal (56.5%), a low gossypol genotype (0.1 to 0.2% total gossypol) meal sample was
water-washed to remove soluble carbohydrate (mostly rafffinose). The water-washed cottonseed
meal was prepared in 1.75 kg. (3.86 lbs.) batches by mixing 10 L (2.64 gallons) of deionized
filtered water in a 19-L (5-gallon) bucket. The mixture was stirred at room temperature with a
pail mixer for 30 minutes. The water-washed cottonseed meal was then separated by
centrifugation in 1-L (0.26-gallon) bottles at 8,000 x g (speed x gravity) for 10 minutes, and then
the liquids were poured off. Each bottle was then refilled with fresh deionized filtered water, the
protein re-dispersed, and re-centrifuged at the same conditions. The solids washed from the
cottonseed meal from the second centrifugation were recovered as previously stated and then
freeze-dried. This process correspondingly increased the protein concentration to levels slightly
below those of a protein concentrate. The composition of this water-washed cottonseed meal was
called “Mississippi Water-Extracted, Mississippi Dehulled-Defatted Water-Washed Cottonseed
Meal” and had a sample mass = 148.8 mg to 151.0 mg, nitrogen rep = 16.301 mg to 16.565 mg,
nitrogen percentage = 10.955% to 10.970%, moisture content (MC) = 0.00%, and a protein level
= 65.73% to 65.82%. This product formed the second experimental cottonseed meal protein
sample was called “water-washed cottonseed meal” from here on out. After re-equilibrating at
atmospheric conditions, this material was analyzed for nitrogen with a LECO (Model 528, St.
Joseph, MI, USA) combustion nitrogen analyses yielded an average nitrogen level of 10.96%
corresponding to 65.78% protein (N x 6.0) [Nitrogen to protein conversation factor = 6.0].
The commercial source soybean protein meal used was Prolia 200/70 from Cargill, Inc.
(Wayzata, Minnesota, USA). It was specified as a 50.0% protein product that had been classified
with particle sizes between 70 and 200 mesh and had a protein dispersion index of 70.0. The
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composition of the soybean meal was called “Mississippi Soybean Flour” which had a sample
mass = 150.9 mg to 153.0 mg, nitrogen rep = 12.379 mg to 12.489 mg, nitrogen percentage
8.163% to 8.203%, moisture content (MC) = 0.00%, and a protein level = 48.98% to 49.22%.
Nitrogen analysis of the soybean material was done using the LECO (Model 528, St. Joseph, MI,
USA) combustion nitrogen analyses yielded an average nitrogen level of 8.18% corresponding to
an average of 49.10% protein. This was third experimental meal protein sample was called
“commercial in-house soybean meal” product from here on out.
Adhesive Preparation
All bio-based adhesives were synthesized at Mississippi State University, Department of
Sustainable Bioproducts (DSB) Forest and Wildlife Research Center (FWRC), Building 2, in the
2105 Laboratory under controlled ambient conditions. All weights of the dry and liquid products
were weighed on the MFD Digital Laboratory Balance Scale in Building 2. In Departmental
2105 Laboratory, I used 20 mL, 40 mL, 100 mL, 150 mL, 200 mL, and a 600 mL Corning®
Model No. 1000 Pyrex® Low Form Griffin Glass, Double Scale, Graduated Beakers (Glendale,
Arizona, USA) to put dry and liquid products in to be weighed and mixed together. In the first
stage, each protein meal was mixed with deionized water at a 2.5:1 ratio at ambient temperature
with moderate stirring using a Talboys T-Line Laboratory Overhead Stirrer from Talboys
Engineering Corp (Emmerson, New Jersey, USA) Model 102, Serial No. B-21620 with a
revolutions per minute (RPM) of 500-7,500 until fully dispersed, thoroughly mixed, and being
consistent with the methodology, forming a slurry. I thoroughly blended the mixtures for 2
minutes (120 seconds) during each step. Next, sodium metabisulfite (Na2S2O5) “Meta” and
polyamido-amine-epichlorohydrin (PAE) cross-linking resin - Kymene™ Soyad™ CA1130
product (Solenis LLC, Wilmington, Delaware, USA) were separately added with stirring in
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between forming the final adhesives. Sodium metabisulfite amounts varied based off the protein
level of each meal type. After each mixture step, the viscosities of the adhesives were checked
and recorded using a Brookfield Digital Viscometer DV-I Prime, Model No. LVDV-I Prime,
Serial No. 8500901 (Middleboro, Massachusetts, USA), and a spindle number 64 at a RPM rate
of 0.30 for 1 minute (60 seconds).
The deionized water was added to the cottonseed and commercial in-house soybean meal
separately [blend mix, then record viscosity], add sodium metabisulfite [blend mix, then record
viscosity], add PAE solution [blend mix, then record viscosity], and finally record pH. To collect
the pH values on the final adhesive, I used an Apera Instruments LLC, Model PH 700 Benchtop
pH Meter (pH/mV/Temp) Serial No. PH700X101921130 (Columbus, Ohio, USA). The sodium
metabisulfite was added in an effort to reduce the viscosity. The PAE was added to enhance the
water resistance and wet-strength of each adhesive formulation. Only one type of PAE ratio was
used in this study, the 1:7 (PAE: cottonseed or commercial in-house soybean powder by weight).
The amounts added of PAE were based on the manufacturer’s recommendation. The PAE
CA1130 product formulation type used had 30% solids, pH between 2.4 to 2.8, a relative density
= 1.0 to 1.1 g/cm3 at 25°C, > 0.1% organic acid, viscosity when made = 100 to 190 cps, dynamic
viscosity of 104 mPa.s at 25°C, no component of this product present at levels greater than or
equal to 0.1 was listed and identified as a carcinogen or potential carcinogen by IARC, OSHA,
and NTP, was an amber colored liquid, and had a medium cationic charge resin density at a 1:7
weight ratio. The PAE CA1130 product was acquired and provided by Mr. Dwight Chapman,
Strategic Marketing Manager, Soyad & Specialties, Solenis LLC (Wilmington, Delaware, USA).
Component amounts are as described in Table 3.1 and varied as needed to yield adhesive with a
suitable viscosity range for spreading application rates.
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A Hi-Yield® horticultural hydrated lime (calcium hydroxide, Ca(OH)2) was added to the
commercial in-house soybean and cottonseed meal preparations (23% w/v [weight per volume]
of lime dispersion), to increase the pH from around 5.5 to between 10.0 and 11.0. The addition of
a base was to better simulate current and historical industry practices (Lambuth 2003). These
alkaline conditions were thought to complete the curing reaction and to simulate current
practices in industry. On the contrary, all of the preliminary experimental trials revealed that by
using a hydrated lime powder or hydrated lime slurry in both cottonseed and commercial inhouse soybean meals it produced a very high viscosity (172,000 to >2,040,000 centipoise (cP)),
which cannot be pushed out of spray nozzles or spread onto veneers within the industry plywood
plants. I further discovered during the preliminary experiments that by adding hydrated lime or a
hydrated lime slurry it was detrimental to the curing of the plywood panels and water resistance
of the specimens. Therefore hydrated lime calcium hydroxide products were not added to the any
of the cottonseed or commercial in-house soybean meal formulations, despite what the literature
and industry practices have suggested. The complete treatment levels and descriptions for
adhesive composition are described in Table 3.1. The flowchart for this experiment’s
methodology is presented in Figure 3.1.
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Table 3.1

Adhesive chemical formulation.

Deionized
Dry Meal
Adhesive Types
Water
(g)
(g)
Commercial In-House Soybean Meal
75.0
375.0
150.0
New Cottonseed Meal
75.0
375.0
150.0
Water-Washed Cottonseed Meal
75.0
375.0
150.0
Notes: Sodium metabisulfite amounts varied based off the protein level of each meal type.
PAE
(g)
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Sodium
Metabisulfite
(g)
2.5
2.6
3.3

Final
Viscosity
(cP)
69,985
45,990
17,996

pH
6.01
5.84
5.70

Figure 3.1

The flowchart of adhesive development, plywood manufacturing, and final testing.

Panel Preparation and Assembling
The hardwood yellow poplar/tulip poplar (Liriodendrum tulipifera L.) veneers materials
were obtained from Columbia Forest Products Hardwood Plywood Manufacturers (Old Fort,
North Carolina, USA). Each full sheet of veneer were 3.81 mm (0.15 inch) thick x 121.92 cm (48
inches) wide x 243.84 cm (96 inches) long and stored, processed, and cut up using a table saw in
the departmental woodshop to 3.81 mm (0.15 inch) thick x 30.48 cm (12 inches) wide x 30.48
cm (12 inches) long for use to make the plywood panels. The veneer material that went into
making the various plywood panels was randomized. A combination of veneer was from at least
three parent sheets. The four (4) plywood panels within each treatment had veneer from a
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separate set of full parent sheets. Fresh veneers were oven dried using the Blue M Electric
Company Dry Oven Model B-3005-Q and Serial No. CB 9759 (Blue Island, Illinois, USA) to
dry veneers for ~24 hours at 60°C (140°F) to get an average moisture content (MC) of ~4-8%
before applying adhesive and pressing. The MC data was collected by weighing the initial and
oven dry weighs using a MFD Digital Laboratory Balance Scale by A&D Co. Ltd. (Toshima-Ku,
Tokyo, Japan) Model 60010 and EW-600G in Building 2 Laboratory. The formula equation used
was from the Forest Products Laboratory (FPL) Wood Handbook (FPL 2021) and was as
follows: MC = (Initial weight (g) - Oven dry weight (g)) / (Oven dry weight (g)) x 100%.
With each of the three adhesive types (commercial in-house soybean, new cottonseed,
and water-washed cottonseed meals) a three-ply plywood was produced. The prepared adhesive
was applied onto 0.15 inch (3.81 mm) thick oven dry yellow poplar veneers with a 10.16-cm
(4.00-inches) wide plastic roller to one side of the top and bottom layer veneers. The core layer’s
grain was oriented perpendicular to that of the two face layers. The process was repeated with a
second layer of adhesive and a third layer of veneer again oriented perpendicular to the middle
layer. Adhesive spread rates on plywood are generally 30-45 lbs. of adhesive solids per thousand
square feet of single glue line (Baldwin 2016; Sellers 1985). Based on this I used 19 grams single
surface application spread rate of resin solids per square foot, which equates to 19,000 grams per
thousand square feet of single glue line. For upscaling or commercialization, 19,000 grams /
453.59 grams per pound = 41.89 pounds / thousand square feet of single glue line. The amount
of adhesive applied to each panel was 40 + 2 grams (g), which equates to approximately 220 g of
adhesive per square meter of glue line (i.e. about 45 pounds per 1,000 square feet of single glue
line). After preparation, the panels were cold pressed at 25°C (77°F) at 1.03 MPa (150 psi) for 5
minutes, and then transferred immediately to the Dieffenbacher Hydraulic Hot Press, Serial No.
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2-3581 (Windsor, Ontario, Canada). The hot press conditions were 135°C (275°F) and 1.241
MPa (180 psi). As a treatment factor, hot press times were 4, 5, and 6 minutes. Four panels were
prepared with each of the three types of adhesive formulation and the three press times. In total,
36 panels were prepared (3 adhesive types x 3 pressing times x 4 panel replicates). For this
plywood research, a 3 x 3 x 4 factorial arrangement of treatment was used in a completely
randomized design with sub-sampling (adhesive types, press times, panel replicates). All other
parameters and processing factors were kept constant such as veneer type, the 1:7 ratio PAE
solution, adhesive spread rate, cold press time, cold press pressure, hot press temperature, and
hot press pressure.
Commercial Soybean Adhesive Hardwood Plywood Panel
Two commercially manufactured soybean adhesive hardwood plywood panels were
purchased in July 2021 from Home Depot in Oxford, Mississippi. The commercial full size
sheets are 1.22 meters x 2.44 meters (4 feet x 8 feet) in size and were recently manufactured
from Columbia Forest Products Hardwood Plywood Manufacturers (Old Fort, North Carolina,
USA) when purchasing the product. I used randomized locations within the full sheet of
commercial plywood panel to cut water resistance and mechanical shear test specimens to
compare the three adhesive types against a commercially known product that is in the market.
Water Resistance Testing
The water resistance of the plywood panels for interior application was determined with a
three-cycle soak test in accordance with the American National Standards Institute for Hardwood
and Decorative Plywood/Hardwood Plywood and Veneer Association - ANSI/HPVA HP-1 2020
(ANSI/HPVA 2020). Six specimens with a size of 5.08 cm x 12.70 cm (2.00 inches x 5.00
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inches) were cut from each panel and were soaked in filtered deionized water at 24 + 3°C (75 +
5°F) for 4 hours, and then dried between 49°C and 52°C (120°F and 125°F) for 19 hours with
sufficient air circulation to lower the MC of specimens to 12% or below of the oven-dry weight
as per section 4.6 in ANSI/HPVA HP-1 standard (ANSI/HPVA 2020). The three-cycle soak test
was conducted by submerging specimens in filtered deionized water using a 17.78 cm (7.00
inches) deep x 66.04 cm (26.00 inches) wide x 182.88 cm (72.00 inches) long Circulating Water
Bath from The Douthitt Corporation Model No. DDC, Serial No. 20365 (Detroit, Michigan,
USA). Immediately after the water bath cycle was completed, excess water was gently shaken
off before specimens were placed into the Blue M Electric Company Dry Oven Model B-3005-Q
and Serial No. CB 9759 (Blue Island, Illinois, USA) to dry the plywood specimens at 50°C
(122°F) for 19 hours with sufficient air circulation to lower the moisture content of the
specimens to 12% or below of the oven dry weight. This cycle of water bath and oven dry cycles
were repeated up to three times or until panel specimens failed, whichever came first. All panels
underwent this repeated three times soaking and drying cycle. The degree of delamination of
each specimen was measured and recorded after every cycle. According to the ANSI/HPVA HP1 standard (ANSI/HPVA 2020), delamination is considered as any continuous opening between
two veneer layers that is longer than 5.08 cm (2.00 inches), deeper than 0.635 cm (0.25 inch),
and wider than 0.008 cm (0.003 inch). The test requires that five of the six specimens shall pass
the first soak cycle and four of the six specimens shall pass the third soak cycle for a given
plywood parent panel to pass the test. It also requires that for any treatment to have passed this
standard and test, 95% of the specimens tested must pass the first soak and dry cycle, and 85% of
the specimens tested must pass the third soak and dry cycle. To collect adhesive delamination of
specimens from each of the water bath and oven dry cycles, I used a Mitutoyo Absolute Digital
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Caliper Model No. CD-6” CSX, Serial No. 13152425 (Kawasaki, Japan, Asia). I used a 0.08 mm
(0.003 inch) thick x 12.70 mm (0.50 inch) wide x 76.20 mm (3.00 inches) long metal feeler
gauge to check and collect delamination data. With 6 specimens per panel and 36 panels, a total
of 216 specimens were put through this water resistance test regime.
Mechanical Shear Strength Testing
The mechanical shear strength of the plywood was determined using an Instron Universal
Hydraulic Material Testing System Machine S4-600 KN Table Top B, Serial No. 5566-Q-1089
(Norwood, Massachusetts, USA) in the Mississippi State University, Department of Sustainable
Bioproducts (DSB) Forest and Wildlife Research Center (FWRC) FC 150 Mechanical Testing
Laboratory in accordance with American Society of Testing Materials D906-20 Standard Test
Method for Strength Properties of Adhesives in Plywood Type Construction in Shear by Tension
Loading (ASTM 2020a). Nine (9) test specimens were three-ply thick, 25.40 mm wide x 82.60
mm long (1.00 inch wide x 3.25 inches long), and had a gluing area of 25.40 mm x 25.40 mm
(1.00 inch x 1.00 inch) from each replicate panel were cut and processed. The outer veneer layers
from each specimen were cut to yield a 25.40 mm x 25.40 mm (1.00 inch x 1.00 inch) bonded
area for testing. The specimens were then conditioned at approximately 25°C (77°F) and 65%
relative humidity (RH) prior to testing. With nine (9) test specimens coming from each of the 36
panels, a total of 324 specimens were tested for mechanical shear strength. The speed of the
testing machine crosshead was 23 mm/min. The shear strength values were calculated using the
follow equation:
Shear Strength (MPa) =

Maximum Tension Force at Break (N)
2

Gluing Area (mm)
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(3.1)

Statistical Analysis
The shear strength data were analyzed in a full factorial arrangement of treatments
(protein meal adhesive types, hot pressing times, and four replicate panel of each treatment) in a
completely randomized with sub-sampling design, based on the replicated panels. The panels
were designed as the sub-sampling unit. The data were reported as mean values, standard
deviation, and standard errors using box plots and bar graphs. The treatment factors were
evaluated using analysis of variance (ANOVA) and when detected as a statistical difference (Ftest, p < 0.05), a Fisher’s least significant difference (LSD) test was performed at a level of α =
0.05. Additionally, a t-Test multiple mean comparison test was used to assess whether any
differences were apparent among the strongest tested proteins shear strength and the commercial
plywood products specimens. All data analyses were conducted using SAS/SAT™ software
version 9.4 (SAS Institute 2013; Cary, NC).
Results
Mechanical Shear Strength
Panels formed with all treatment combinations exhibited acceptable and high shear
strength. No industry or standard shear strength levels exist for these types of products. As stated
in the American Plywood Association (APA) Voluntary Product Standard PS 1–19 (APA 2020),
as long as a plywood panel is manufactured using the veneer grades, adhesive, and construction
established in the standard’s prescriptive requirements, the panel is by definition acceptable.
Commercial acceptability is ultimately governed by wood failure and wood strength. As long as
the primary location of failure is in the wood and not in the adhesive, then the adhesive is
considered to be developing sufficient minimum strength. Although some variation was apparent
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in individual specimens, there were few notable trends among the strength developed for either
cottonseed meals or commercial in-house soybean meal.
Table 3.2 shows the analysis of variance (ANOVA) for the sources of variation for shear
strength (MPa), adhesive types, and hot pressing times. The ANOVA statistical test for fixed
effects indicated three statistically significant effects and an interaction between adhesive types
and hot pressing times (Table 3.2). The ANOVA results showed a significant interaction
between the three different protein meal adhesive types and three different hot pressing times (F
= 32.13, p < 0.0001; Table 3.2). In addition, there were also statistical differences detected
among the 36 panels (F = 31.57, p < 0.0001; Table 3.2). The direct effect was for adhesive types
(F = 71.43, p = < 0.0001) and hot pressing times (F = 322.75, p = < 0.0001), as these factors
were also found to be statistically significant (Table 3.2).
Table 3.2

Analysis of variance (ANOVA) statistical test for fixed effects.

Effects

Degrees
Sum of
Mean
of
Squares
Square
Freedom
Adhesive Types (AT)
2
6.18776296 3.09388148
Pressing Times (PT)
2
27.95781667 13.97890833
AT*PT
4
5.56625926 1.39156481
Panels
35
36.91305833 1.36715031
Model
43
76.62489722 2.18928278
Error
288
12.47386667 0.04331204
Corrected Total
323
89.09876389
-(*) statistically significant differences at α = 0.05, respectively.

F-Value

p-Value

71.43
322.75
32.13
31.57
50.55
---

<0.0001*
<0.0001*
<0.0001*
<0.0001*
<0.0001*
---

After the top two adhesives and times were determined, which were new cottonseed and
water-washed cottonseed both at the hot press times of 6 minutes, t-Test mean comparisons tests
were used to statistically compare each adhesive and time combination against the commercial
hardwood plywood shear strength. A t-Test mean comparison at a level of  < 0.05 were used
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and detected statistical differences (p = < 0.0001) between new cottonseed adhesive (x̄ = 2.13
MPa) versus the commercial hardwood bio-based adhesive (x̄ = 1.34 MPa). A t-Test mean
comparison at  < 0.05 level also were used and detected differences (p = < 0.0001) between
water-washed cottonseed adhesive (x̄ = 2.05 MPa) versus the commercial hardwood bio-based
adhesive (x̄ = 1.34 MPa). These findings indicate that both the new cottonseed and water-washed
cottonseed adhesives at the hot press times of 6 minutes were stronger than the commercial
hardwood bio-based adhesive.
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Figure 3.2

Average shear strength grouped by adhesive types. Whiskers denote standard deviation (S.D.) of the mean.
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Figure 3.3

Descriptive statistics of shear strength (MPa) by adhesive types. Whiskers denote standard error (S.E.) of the mean. The
letters A and B represent statistical significance differences of adhesive types. New Cottonseed is statistical different
from the other types.
78

Figure 3.4

Average mechanical shear strength by hot press times in minutes. Whiskers denote standard deviation (S.D.) of the
mean.
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Figure 3.5

Descriptive statistics of shear strength (MPa) by hot press times in minutes. Whiskers denote standard error (S.E.) of the
mean. The letters A, B, and C represent statistical significance differences from the other hot press times.
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Figure 3.6

Average mechanical shear strength by adhesive types and hot press times in minutes. Whiskers denote standard
deviation (S.D.) of the mean.
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Figure 3.7

Descriptive statistics of shear strength (MPa) by adhesive types and hot press times in minutes. Whiskers denote
standard error (S.E.) of the mean. The letters A, B, C, and D represent statistical significance differences from the other
adhesive types and hot press times combinations.
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According to the ANSI/HPVA HP-1 (ANSI/HPVA 2020) standard, there are no specific
strength requirements for interior plywood. Figures 3.2 to 3.7 show box plot and bar graph
results for the mechanical shear strength according to the cottonseed and commercial in-house
soybean meal types. Figure 3.2 box plot shows the average shear strength range grouped by
adhesive types, regardless of hot press times. Each of the meal types shear strength range
overlapped from 0.55 to 3.13 MPa, whereas the new cottonseed adhesive type had a slightly
higher shear strength (Figure 3.2). When viewing Figure 3.3 descriptive statistics bar graph of
shear strength by adhesive types revealed that the new cottonseed adhesive type (1.76 MPa) is
statistical different from commercial in-house soybean (1.50 MPa) and water-washed cottonseed
(1.45 MPa) adhesive types. Based on the statistical analysis, the new cottonseed adhesive is
statistically different and produces a higher shear strength from the other two adhesive types
(Figure 3.3).
When viewing the average mechanical shear strength by grouping hot press times
together, regardless of adhesive types, it shows that 4 and 5 minutes are similar, whereas the 6
minutes hot press time produces a higher shear strength (Figure 3.4). The Figure 3.5 shows
descriptive statistics bar graphs of average mechanical shear strength by hot press times. Each
hot press time is denoted by the letters A (1.97 MPa) for 6 minutes, B (1.45 MPa) for 4 minutes,
and C (1.28 MPa) for 5 minutes that represent statistical significance differences from the other
hot press times (Figure 3.5). Based on the time variables, 6 minutes hot press time produced
statistical higher and stronger shear strength overall (Figure 3.5).
By looking at adhesive types and hot press times against the mechanical shear strength,
the box plot range of values was from 0.55 to 3.13 MPa (Figure 3.6). There are some
unexplained differences with the new cottonseed results at 4 and 5 minutes, but the trend shows
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that the faster hot press times of 4 and 5 minutes produce lower average mechanical shear
strength than adhesive types hot pressed at 6 minutes (Figure 3.6). Figure 3.7 shows bar graph
descriptive statistics of shear strength summary for each adhesive types and hot press times,
where the letters A, B, C, and D represent statistical significance differences from the other
adhesive types and hot press times combinations. New cottonseed (2.13 MPa) and water-washed
cottonseed (2.05 MPa) both hot pressed at 6 minutes produced the highest shear strength and
were not statistically different from each other (Figure 3.7). Similarly, the commercial in-house
soybean hot pressed at 6 minutes (1.74 MPa) and the new cottonseed hot pressed at 4 minutes
(1.79 MPa) produced the second highest shear strength and were not statistically different from
each other (Figure 3.7). Both the commercial in-house soybean adhesives hot pressed at 4 and 5
minutes (1.40 and 1.36 MPa, respectfully) and the new cottonseed hot pressed at 5 minutes (1.36
MPa) produced the moderate shear strength and were not statistically different from each other
(Figure 3.7). Unfortunately, both the water-washed cottonseed adhesives hot pressed at 4 and 5
minutes (1.16 and 1.13 MPa, respectfully) produced the lowest shear strength and were not
statistically different from each other (Figure 3.7).
Overall, no statistical significant differences were detected between water-washed
cottonseed and soybean adhesives. However, both types differed statistically from the new
cottonseed adhesive. Overall, high mechanical shear strength was achieved for each adhesive
meal type, specifically at the 6 minutes hot press times.
Several controllable factors such as pressing times, hot press temperatures, and adhesive
type appear to influence shear performances. Another factor that was considered is veneer
randomization. Though the veneer was more-or-less randomized before it was assigned to each
panel, some level of uncontrollable variation could have been associated within each panel set. In
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another study developed by Cheng et al. (2019) cottonseed protein isolate (CSPI; defatted seed
of glandless cotton >90% protein meal) was used to test the performance of maple (Acer sp.)
composites. Cheng et al. (2019) plywood panels were pressed at 2.76 MPa (400 psi) at 80°C
(176°F) for 20 minutes. Cheng et al. (2019) results indicated an adhesive shear strength of 2.50
MPa (362 psi), which is slightly higher than the new cottonseed and water-washed cottonseed
meal types achieved in this dissertation work. However, Cheng et al. (2019) press time is
unacceptably high and the costs associated with processing water-washed cottonseed meal are
relatively high too. A more recent study by Shmulsky et al. (2021) also glued thin hardwood
veneers with various cottonseed meals using similar commercial hot press temperatures of 135°C
(275°F) and relatively long hot press times (7-10 minutes) yet produced similar results with
slightly higher shear strengths.
Initially, this research aimed to investigate the possibility of developing commercially
viable cottonseed adhesives. Mechanical shear strength results indicated that the new cottonseed
and water-washed cottonseed meal extracted types could be used as an alternative to soybean, as
higher shear strength was achieved.
Percent Wood Failure of Mechanical Shear Strength Specimens
In plywood, wood failure means the area of wood fiber remaining at the glueline
following completion of a specified shear test. Wood failure percent is an important index for
evaluating the bond strength of plywood. The mechanical shear strength specimens were visually
inspected at the time of testing as a percent wood failure or adhesive failure for each meal type
and hot press times and were determined following the ASTM D906-20 (ASTM 2020a) and
ASTM D5266-13R20 (ASTM 2020b) standards. Overall, regardless of treatment adhesive types
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and hot press times, 140 specimens out 421 specimens tested had >50% wood failure, which is
about 33.25% wood failure and 66.75% adhesive failure.
The commercial in-house soybean meal panels had 18 specimens out 108 specimens
tested had >50% wood failure, which is about 16.67% wood failure and 83.33% adhesive failure.
Only 2 out of 36 specimens (5.56%) had wood failure in the commercial in-house soybean meal
specimens that were hot pressed at 6 minutes. Only 5 out of 36 specimens (13.89%) had wood
failure in the commercial in-house soybean meal specimens that were hot pressed at 5 minutes.
There were 11 out of 36 specimens (30.56%) had wood failure in the commercial in-house
soybean meal specimens that were hot pressed at 4 minutes.
The new cottonseed meal panels had 29 specimens out 108 specimens tested had >50%
wood failure, which is about 26.85% wood failure and 73.15% adhesive failure. There were 15
out of 36 specimens (41.67%) had wood failure in the new cottonseed meal specimens that were
hot pressed at 6 minutes. Only 3 out of 36 specimens (8.33%) had wood failure in the new
cottonseed meal specimens that were hot pressed at 5 minutes. There were 11 out of 36
specimens (30.56%) had wood failure in the new cottonseed meal specimens that were hot
pressed at 4 minutes.
The water-washed cottonseed meal panels had 28 specimens out 108 specimens tested
had >50% wood failure, which is about 25.93% wood failure and 74.07% adhesive failure. There
were 20 out of 36 specimens (55.56%) had wood failure in the water-washed cottonseed meal
specimens that were hot pressed at 6 minutes. Only 1 out of 36 specimens (2.78%) had wood
failure in the water-washed cottonseed meal specimens that were hot pressed at 5 minutes. There
were 7 out of 36 specimens (19.44%) had wood failure in the water-washed cottonseed meal
specimens that were hot pressed at 4 minutes.
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The commercial soybean-based adhesive plywood panels had 65 specimens out 97
specimens tested had >50% wood failure, which is about 67.01% wood failure and 32.99%
adhesive failure. On average overall, the commercial soybean-based adhesive plywood and new
cottonseed adhesive both had the highest percent of wood failure overall.
Water Resistance Results
By Panels
Only the new cottonseed and commercial soybean-based adhesives hardwood plywood
panels passed the three-cycle ANSI/HPVA water resistance tests (Figures 3.8 to 3.9). Figure 3.8
shows the panel success grouped by protein meal types for this test. All 12 new cottonseed and
all 12 commercial soybean adhesive plywood panels had 100% panel success of passing the
water resistance test. Ten (10) out of the 12 commercial in-house soybean adhesive plywood
panels had 75% to 100% panel success of passing the water resistance test. However, only eight
(8) out of the 12 water-washed cottonseed-based meal adhesive plywood panels had 50% to
100% panel success. Based on the ANSI/HPVA HP-1 (ANSI-HPVA 2020) Standard Section 4.6,
the three-cycle soak test states that four of the six specimens shall pass the third cycle in 90% of
the panels tested (ANSI-HPVA 2020). Therefore, out of 12 panels tested a minimum of 10.8
panels are needed in order to pass the 85% guidelines of the ANSI-HPVA standard (Figure 3.8).
Since it is impossible to have 0.8 of a panel, a conservative assessment would be to round up to
11 panels that are needed to pass as the minimum threshold for this number of panels and
specific test. By grouping the protein meal type panels together, only the new cottonseed and
commercial soybean adhesives passed. Unfortunately, the commercial in-house soybean and
water-washed cottonseed adhesives treatments failed when grouping panels together despite hot
press times (Figure 3.8).
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Water Resistance Test Results of Yellow Poplar Hardwood Plywood Panel Success
Grouped By Adhesive Types
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Figure 3.8

Number of Panels Passing Threshold = 11

Total Combined Summary of Water Resistance Test Results of Yellow Poplar Hardwood Plywood Panel Success for
Commercial In-House Soybean, New Cottonseed, Water-Washed Cottonseed, and Commercial Soybean Grouped by
Adhesive Types.
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Figure 3.9 shows the panel success given by protein meal types and hot press times. The
commercial in-house soybean adhesive plywood panels had 100% success of all 4 panels made
at the 6 minutes hot press time. The commercial in-house soybean adhesive plywood panels had
75% success, 3 out of 4 panels, made at the 5 and 4 minutes hot press times. All new cottonseed
adhesive plywood panels had 100% success, 4 out of 4 panels passed that were made at the 6, 5,
and 4 minutes hot press times. The water-washed cottonseed adhesive plywood panels had 100%
success of all 4 panels made at the 6 minutes hot press time. However, the water-washed
cottonseed adhesive plywood panels had only 50% success, 2 out of 4 panels, made at the 5 and
4 minutes hot press times. All commercial soybean adhesive plywood panels had 100% success,
4 out of 4 panels passed. A minimum of 3.6 panels out of 4 panels are needed in order to pass the
85% guidelines of the ANSI-HPVA standard (Figure 3.9). Since it is impossible to have 0.6 of a
panel, a conservative assessment would be to round up to 4 panels that are needed to pass as the
minimum threshold for this number of panels and specific test. Therefore, the assessment of the
panels was given at a slightly higher passing threshold.
Overall, the new cottonseed and commercial soybean-based adhesives hardwood
plywood panels passed the three-cycle ANSI/HPVA water resistance tests with 100% panel
success among all hot press times. The single combination of treatments that showed great
difficulty with this test was the water-washed cottonseed-based meal incorporating at the lower
hot press times of 4 and 5 minutes; however, at the 6 minutes of hot press time, all 4 plywood
panels passed the water resistance test (Figure 3.9). The commercial in-house soybean adhesive
of treatments also showed difficulty with this test specifically at the lower hot press times of 4
and 5 minutes; however, at the 6 minutes of hot press time, all 4 plywood panels passed the
water resistance test (Figure 3.9).
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Water Resistance Test Results of Yellow Poplar Hardwood Plywood Panel Success
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Number of Panels Passing Threshold = 4

Water Resistance Test Results of Yellow Poplar Hardwood Plywood Panel Success for Commercial In-House Soybean,
New Cottonseed, Water-Washed Cottonseed, and Commercial Soybean Adhesive Types and Treatments by Hot Press
Pressing Times in Minutes.
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By Specimens
Similar to panel breakdown, only the new cottonseed and commercial soybean-based
adhesives hardwood plywood specimens passed the three-cycle ANSI/HPVA water resistance
tests (Figures 3.10 to 3.11). By pooling panels by protein type together, despite hot press times,
an assessment was made as to the water resistance of the treatment factors under the standard.
Both the commercial soybean plywood and new cottonseed meal passed the three-cycle test with
90.28% to 100% of the specimens passing this test (Figure 3.10). Despite the commercial inhouse soybean meal and water-washed cottonseed meal passing with 100% of the specimens
tested at the 6 minutes hot press time, these two meal types did not pass the test with between
76.39% and 81.94% of the specimens passing after the third cycle at the lower hot press times of
4 and 5 minutes (Figures 3.10 and 3.11). The difference was due to the failing of the combination
of the commercial in-house soybean meal and water-washed cottonseed meal treatment factors
mainly at the lower hot press times.
Figure 3.11 shows water resistance test results of yellow poplar hardwood plywood
specimen success for commercial in-house soybean, new cottonseed, water-washed cottonseed,
and commercial soybean adhesive types and treatments by hot press pressing times in minutes.
Two of the three sets of four commercial in-house soybean adhesive plywood panels had 79.17%
to 100% specimen success and 19/24 to 24/24 specimens passed at the 5 and 6 minutes hot press
times, respectfully (Figure 3.11). However, at the 4 minutes hot press time, the commercial inhouse soybean adhesive plywood panels had a much lower specimen success of 66.67% and
16/24 specimens passed this test (Figure 3.11). The commercial in-house soybean adhesive that
showed difficulty with this test at the lower hot press times of 4 and 5 minutes; however, at the 6
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minutes of hot press time, all four plywood panels and 24/24 specimens passed the water
resistance test (Figure 3.11).
All three sets of four new cottonseed adhesive plywood panels had 100% specimen
success with 24/24 specimens passed for each of the 4, 5, and 6 minute hot press times (Figure
3.11). One of the three sets of four water-washed cottonseed adhesive plywood panels had a
100% specimen success with 24/24 specimens passed at the 6 minutes hot press times.
Unfortunately, the other two sets of four water-washed cottonseed adhesive plywood panels had
only a 50% panel success with 62.50% to 66.67% specimen success at the 5 and 4 minutes hot
press times, respectfully (Figure 3.11). Two of the three sets of four commercial soybean
adhesive plywood panels had 95.83% to 100% specimen success and had 23/24 to 24/24
specimens pass. However, one of the three sets of four commercial soybean adhesive plywood
panels had a 75% specimen success with 18/24 specimens passed.
Based on the ANSI/HPVA HP-1 (ANSI-HPVA 2020) standard Section 4.6, three-cycle
soak test states that within any given selection of test panels, 85% of the specimens shall pass the
third cycle. Therefore, a minimum of 61.2 specimens out of 72 specimens are needed in order to
pass the 85% guidelines of the ANSI-HPVA standard. Since it is impossible to have 0.2 of a
specimen, a conservative assessment would be to round up to 62 specimens that are needed to
pass as the minimum threshold for this number of specimens and specific test (Figure 3.10).
Likewise, a minimum of 20.4 specimens out of 24 specimens are needed in order to pass the
85% guidelines of the ANSI-HPVA standard. Since it is impossible to have 0.4 of a specimen, a
conservative assessment would be to round up to 21 specimens that are needed to pass as the
minimum threshold for this number of specimens and specific test (Figure 3.11). Consequently,
the assessment of the specimens was given at a slightly higher passing threshold.
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This indicates that one of the three sets of four panels of the commercial soybean
plywood had 75.00% specimen success, two of the three sets of four panels of the commercial
in-house soybean adhesive plywood, which had 66.67% and 79.17% specimen success, and two
of the three sets of the four panels of the water-washed cottonseed adhesive plywood panels,
which had 62.50% and 66.67% specimen success, all failed the water resistance test (Table 3.1;
Figures 3.10 to 3.11).
Tables 3.3 to 3.8 show the summary data results of commercial soybean adhesive
hardwood plywood, commercial in-house soybean meal, new cottonseed meal, and waterwashed cottonseed meal adhesive mixes on yellow poplar (Liriodendron tulipifera) hardwood
plywood panels of water resistance tests during August 2021 to March 2022. These tables have
all the trials, hot press times, number of panels tested, summary water resistance tests outcomes,
water to powder ratio, viscosity, application spread rate, cold press pressure, hot press times, hot
press pressure, hot press temperature, percent trial success, percent panel success, percent
specimen success, and additional metric details of the entire process (Tables 3.3 to 3.8).
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Table 3.3

Summary of Commercial Soybean Adhesive Hardwood Plywood, Commercial InHouse Soybean Meal, New Cottonseed Meal, and Water-Washed Cottonseed Meal
Adhesive Mixes on Yellow Poplar (Liriodendron tulipifera) Hardwood Plywood
Panels Of Water Resistance Tests During August 2021 to March 2022.

Hot Press
Panels
Water Bath and Oven
Month(s) of Experiment
Trials
Time
Tested
Dry Cycle Tests Results
(Minutes)
Commercial Soybean Adhesive Hardwood Plywood Tests
25A
-4 Panels
100% Passed
August 2021
25B
-4 Panels
100% Passed
March 2022
25C
-4 Panels
100% Passed
Commercial In-House Soybean Meal Tests
28A
6
4 Panels
100% Passed
September to November 2021
28B
5
4 Panels
75% Passed
28C
4
4 Panels
75% Passed
New Cottonseed Meal Tests
29A
6
4 Panels
100% Passed
September to October 2021
29B
5
4 Panels
100% Passed
29C
4
4 Panels
100% Passed
Water-Washed Cottonseed Meal Tests
30A
6
4 Panels
100% Passed
September to October 2021
30B
5
4 Panels
50% Failed/50% Pass
30C
4
4 Panels
50% Failed/50% Pass

94

Number of Specimens

Water Resistance Test Results of Yellow Poplar Hardwood Plywood Specimen
Success Grouped By Adhesive Types
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

0
7

13

17

72

65

59

In-House Soybean

55

New Cottonseed

Water-Washed Cottonseed

Commerical Soybean

Meal Protein Types
Number of Specimen Passed
Figure 3.10

Number of Specimen Failed

Number of Passing Threshold = 62

Total Combined Summary of Water Resistance Test Results of Yellow Poplar Hardwood Plywood Specimen Success
for Commercial In-House Soybean, New Cottonseed, Water-Washed Cottonseed, and Commercial Soybean Grouped by
Adhesive Types.
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Water Resistance Test Results of Yellow Poplar Hardwood Plywood Specimen
Success
25

0

0

0

0

0

5

Number of Specimens

20

0
9

8

8

1
6

15
24
10

24

24

24

24

24

19
16

15

23
18

16

5

0
In-House
Soybean

In-House
Soybean

In-House
Soybean

New
Cottonseed

New
Cottonseed

New
Water-Washed Water-Washed Water-Washed Commercial
Cottonseed
Cottonseed
Cottonseed
Cottonseed
Soybean

6 Minutes

5 Minutes

4 Minutes

6 Minutes

5 Minutes

4 Minutes

6 Minutes

5 Minutes

4 Minutes

--

Commercial
Soybean

Commercial
Soybean

--

--

Meal Protein Types and Hot Press Times (Minutes)
Number of Specimens Passed
Figure 3.11

Number of Specimens Failed

Number of Specimens Passing Threshold = 21

Water Resistance Test Results of Yellow Poplar Hardwood Plywood Specimen Success for Commercial In-House
Soybean, New Cottonseed, Water-Washed Cottonseed, and Commercial Soybean Adhesive Types and Treatments by
Hot Press Pressing Times in Minutes.
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Table 3.4

Data from Commercial Soybean Panels (Trials 25A to 25C), Commercial In-House Soybean Meal (Trials 28A to 28C),
New Cottonseed Meal (Trials 29A to 29C), and Water-Washed Cottonseed Meal (Trials 30A to 30C) Adhesive Mixes
on Yellow Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Summary Results During
August 2021 to March 2022.

Trials

Dates

Ratio Water to Powder

Meal Type

Sodium Metabisulfite (g)

PAE (g)

PAE Age

25A

8/9/2021 to 8/13/2021

--

Commercial Soybean Panel

--

--

--

25B

8/9/2021 to 8/13/2021

--

Commercial Soybean Panel

--

--

--

25C

3/7/2022 to 3/16/2022

--

Commercial Soybean Panel

--

--

--

28A

9/13/2021 to 11/5/2021

2.5:1

In-House Soybean

2.5

75*

New as of 8/17/2020

28B

9/13/2021 to 11/5/2021

2.5:1

In-House Soybean

2.5

75*

New as of 8/17/2020

28C

9/13/2021 to 11/5/2021

2.5:1

In-House Soybean

2.5

75*

New as of 8/17/2020

29A

9/14/2021 to 10/22/2021

2.5:1

New Cottonseed

2.6

75*

New as of 8/17/2020

29B

9/14/2021 to 10/22/2021

2.5:1

New Cottonseed

2.6

75*

New as of 8/17/2020

29C

9/14/2021 to 10/22/2021

2.5:1

New Cottonseed

2.6

75*

New as of 8/17/2020

30A

9/16/2021 to 10/21/2021

2.5:1

Water-Washed Cottonseed

3.3

75*

New as of 8/17/2020

30B

9/16/2021 to 10/21/2021

2.5:1

Water-Washed Cottonseed

3.3

75*

New as of 8/17/2020

30C

9/16/2021 to 10/21/2021

2.5:1

Water-Washed Cottonseed

3.3

75*

New as of 8/17/2020

Notes: 2.5:1 Ratio = 250 grams of Deionized water to 100 grams of powder. (*) Made 1 1/2 batches.
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Table 3.5

Data from Commercial Soybean Panels (Trials 25A to 25C), Commercial In-House Soybean Meal (Trials 28A to 28C),
New Cottonseed Meal (Trials 29A to 29C), and Water-Washed Cottonseed Meal (Trials 30A to 30C) Adhesive Mixes
on Yellow Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Summary Results During
August 2021 to March 2022.

Trials pH Viscosity Veneer Age
25A
25B
25C
28A
28B
28C
29A
29B
29C
30A
30B
30C

---6.01
6.01
6.01
5.84
5.84
5.84
5.70
5.70
5.70

---69,985
69,985
69,985
45,990
45,990
45,990
17,996
17,996
17,996

---~18 months
~18 months
~18 months
~18 months
~18 months
~18 months
~18 months
~18 months
~18 months

Adhesive Application Spread Rate On A Single Surface

Cold Press Pressure (psi)

---19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams
19 grams

---150
150
150
150
150
150
150
150
150
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Table 3.6

Trials
25A
25B
25C
28A
28B
28C
29A
29B
29C
30A
30B
30C

Data from Commercial Soybean Panels (Trials 25A to 25C), Commercial In-House Soybean Meal (Trials 28A to 28C),
New Cottonseed Meal (Trials 29A to 29C), and Water-Washed Cottonseed Meal (Trials 30A to 30C) Adhesive Mixes
on Yellow Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Summary Results During
August 2021 to March 2022.
Cold Press Time
(Minutes)
---5
5
5
5
5
5
5
5
5

Hot Press Pressure
(psi)
---180
180
180
180
180
180
180
180
180

Hot Press Time
(Minutes)
---6
5
4
6
5
4
6
5
4
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Hot Press Average Temperature
(°F)
---288
276
256
286
270
252
307
270
253

Panels
Tested
4
4
4
4
4
4
4
4
4
4
4
4

Table 3.7

Trials
25A
25B
25C
28A
28B
28C
29A
29B
29C
30A
30B
30C

Data from Commercial Soybean Panels (Trials 25A to 25C), Commercial In-House Soybean Meal (Trials 28A to 28C),
New Cottonseed Meal (Trials 29A to 29C), and Water-Washed Cottonseed Meal (Trials 30A to 30C) Adhesive Mixes
on Yellow Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Summary Results During
August 2021 to March 2022.
Panel Summary Results of Water Resistance Tests
4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels passed all three water bath and oven dry cycles
3 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
4 out of 4 panels passed all three water bath and oven dry cycles
2 out of 4 panels passed all three water bath and oven dry cycles
2 out of 4 panels passed all three water bath and oven dry cycles

100

Table 3.8

Data from Commercial Soybean Panels (Trials 25A to 25C), Commercial In-House Soybean Meal (Trials 28A to 28C),
New Cottonseed Meal (Trials 29A to 29C), and Water-Washed Cottonseed Meal (Trials 30A to 30C) Adhesive Mixes
on Yellow Poplar (Liriodendron tulipifera) Hardwood Plywood Panels Water Resistance Test Summary Results During
August 2021 to March 2022.
Percent
Trial Success
100

Percent
Panel Success
100

Percent
Specimen Success

25A

Overall Summary Results of Water Resistance Tests
4 out of 4 panels (24/24 specimens) passed all three water bath and oven dry cycles

25B

4 out of 4 panels (18/24 specimens) passed all three water bath and oven dry cycles

100

100

18/24 = 75.00%

25C

4 out of 4 panels (23/24 specimens) passed all three water bath and oven dry cycles

100

100

23/24 = 95.83%

28A

4 out of 4 panels (24/24 specimens) passed all three water bath and oven dry cycles

100

100

24/24 = 100%

28B

3 out of 4 panels (19/24 specimens) passed all three water bath and oven dry cycles

75

75

19/24 = 79.17%

28C

3 out of 4 panels (16/24 specimens) passed all three water bath and oven dry cycles

75

75

16/24 = 66.67%

29A

4 out of 4 panels (24/24 specimens) passed all three water bath and oven dry cycles

100

100

24/24 = 100%

29B

4 out of 4 panels (24/24 specimens) passed all three water bath and oven dry cycles

100

100

24/24 = 100%

29C

4 out of 4 panels (24/24 specimens) passed all three water bath and oven dry cycles

100

100

24/24 = 100%

30A

4 out of 4 panels (24/24 specimens) passed all three water bath and oven dry cycles

100

100

24/24 = 100%

30B

2 out of 4 panels (9/24 specimens) passed all three water bath and oven dry cycles

50

50

15/24 = 62.50%

30C

2 out of 4 panels (8/24 specimens) passed all three water bath and oven dry cycles

50

50

16/24 = 66.67%

Trials

101

24/24 = 100%

Overall, commercial soybean and new cottonseed types showed superior water resistance
when compared to the commercial in-house soybean and water-washed cottonseed types. With
zero (0) and seven (7) out of 72 specimens delaminated (0.0% to <10.0% failed) for the new
cottonseed and commercial soybean, respectively; whereas, 13 and 17 out of 72 specimens
delaminated (18.0% to 23.6% failed) for the commercial in-house soybean and water-washed
cottonseed adhesive types, respectively. In that case, new cottonseed and commercial soybean
were >2.5% more water resistant to delamination than commercial in-house soybean and waterwashed cottonseed types, respectively.
Further analysis indicated that the PAE at the 1:7 ratio provided excellent water
resistance for the commercial in-house soybean, new cottonseed, and water-washed cottonseed
meal adhesives, which was similar to Wang et al. (2009). When considering all resin types, the
new cottonseed and commercial soybean panels had the best performance. Overall, 6 minutes of
hot pressing times resulted better water resistance despite the meal type used. In general, the hot
pressing time of 6 minutes was more water resistant than the one at 4 and 5 minutes specifically
for the water-washed cottonseed and commercial in-house soybean meals. The pressing times of
4 and 5 minutes for the water-washed cottonseed and commercial in-house soybean meals did
not quite reach the threshold established by the standard, i.e., 85% of the specimens did not pass
(ANSI-HPVA 2020). Rather, only approximately 76.39% to 81.94% specimens passed,
respectfully.
Based on the analysis of water resistance for resin types and hot pressing times, varying
conclusions can be inferred. For both performance analysis, i.e., mechanical shear strength and
water resistance, the cottonseed adhesives herein developed can be used alternatively to soybean.
The PAE ratio should be carefully chosen. I only used a 1:7 PAE ratio, but Shmulsky et al.
102

(2021) used two different types of PAE (1:7 and 1:8 ratios) and found that for their water-washed
water extracted cottonseed meal type, the PAE ratio of 1:8 should be used. Shmulsky et al.
(2021) also found that for their glandless cottonseed meal type results indicated that PAE with a
1:7 ratio was recommended to reach higher shear strength and water resistance.
Shear Strength and Water Resistance Summary Results
Even though the interaction between adhesive types and hot pressing times were
statistically significant (p < 0.001; Table 3.2), it is important to understand how these parameters
interplay to make further performance advancements. As shown in Figure 3.7, the mechanical
shear strength by adhesive types considering the effect of hot pressing times gives a better
understand with these parameters. For commercial in-house soybean meal, the shear strength at 4
and 5 minutes were 1.40 and 1.36 MPa (Figure 3.7), but both treatments failed to pass the water
resistance testing (5 and 8 specimens delaminated out of 24 specimens each, respectfully; Figure
3.11). For commercial in-house soybean, 6 minutes of hot pressing time performed the best in
water resistance and produced the higher shear strength of 1.74 MPa (Figure 3.7). For the new
cottonseed meal type, higher shear strength was obtained at 4 and 6 minutes with 1.79 and 2.13
MPa, respectfully (Figure 3.7). For some reason the new cottonseed meal type had lower shear
strength of 1.36 MPa at 5 minutes hot press. Instead, the new cottonseed meal type had 100%
water resistance success at all hot press times of 4, 5, and 6 minutes (Figure 3.11). For the waterwashed cottonseed meal type, unfortunately, 9 and 8 specimens delaminated at the 5 and 4
minutes of hot press times (Figure 3.11) and both produced the weakest shear strength values of
1.13 and 1.16 MPa (Figure 3.7). Alternatively, the water-washed cottonseed meal type at the 6
minutes hot press time has zero (0) specimen failed in water resistance testing and was optimal
for having very high shear strength of 2.05 MPa (Figure 3.7 and Figure 3.11). In the case of
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commercial soybean adhesive type, the conclusion was not as straightforward as two of the three
set of specimens had the best results for water resistance; whereas, one of the set of specimens
had 6 specimens delaminated out of 24 specimens (Figure 3.11). In addition, the commercial
soybean adhesive type produced low shear strength results of 1.33, 1.51, and 1.22 MPa
compared to the new cottonseed meal types (Figure 3.7).
Passing the water resistance test did not necessarily mean that a specific resin type would
have higher shear strength. For instance, the new cottonseed resin type had 72 out of 72
specimens pass the water resistance testing (Figure 3.10). However, it showed the third lowest
average shear resistance of 1.36 MPa at 5 minutes hot press time (Figure 3.7). This finding may
be attributed to a few weaker or less dense pieces of veneer, which would develop lesser shear
strength, but not necessarily lower water resistance. Instead, for the commercial in-house
soybean adhesive only 59 out of 72 specimens passed the water resistance test (Figure 3.10), but
produced the high average mechanical shear strength at 6 minutes hot press times and were not
statistically different from water-washed or new cottonseed meals with average shear strengths
of 1.74, 2.13, and 2.05 MPa, respectively (Figure 3.7). The water-washed cottonseed meal had
only 55 out of 72 specimens passed the water resistance test (Figure 3.10), but had an average
mechanical shear strength of 1.50 MPa (Figure 3.3). Likewise, the commercial soybean plywood
panels had 65 out of 72 specimens passed the water resistance test (Figure 3.10), but had the
lowest average mechanical shear strength of 1.35 MPa (Figure 3.7). These findings indicate or
suggest the importance of randomizing the raw-material veneer sections before beginning any
glue trials. Finally, these results suggest that the new cottonseed meal adhesives hot pressed at 6
minutes under 1.241 MPa (180 psi) constant pressure at an average of 135°C (275°F) hot press
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temperature produces great promise and superiority over commercial soybean adhesives as an
interior hardwood plywood product.
Discussion
Early patents and literature on protein-based adhesives mentions cottonseed protein meal,
among several other protein sources, as being potentially useful as a glue, resin, or wood
adhesive (NCPA 2022; Umemura et al. 2003; White 1943; Galber and Dike 1942; Johnson 1935;
Osgood 1926). The first reported research studies looking at shear strength and chemical
resistance properties of defatted cottonseed meal were by Hogan and Arthur (1952; 1951a;
1951b). These reports compared the shear strength properties of wood bonded with defatted
cottonseed meal, defatted peanut meal, and casein proteins, and concluded that cottonseed
protein could be a potential competitor to these other proteins. However, little follow-up work
was conducted at the time, and it was not until the mid-2010s that the topic was re-explored.
Starting around 2013, Cheng and coworkers (Cheng et al. 2013; Cheng et al. 2016b;
Cheng et al. 2017) reported on the use of cottonseed protein isolate, a ~90% protein product, to
bond thin wood veneers, both as is and with a series of compounds supplemented to test for an
increase either bonding adhesion or water resistance. At the same time, He and coworkers (He et
al. 2019; He et al. 2014a; He et al. 2014b) started related work with cottonseed meals, which are
lower in protein (~45-60%), but easier to prepare. These many studies found comparable
adhesive strengths and improved water resistance comparable to that of soybean meal-based
adhesives tested as controls.
In the past 2-5 years, this research area has been extended to prepare and test plywood
panels and other products from cottonseed protein formulated adhesives (Shmulsky et al. 2021;
Stratton 2019). Li et al. (2019) prepared panels as part of a study on the use of phosphorus and
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calcium additives to improve the adhesive water resistance. Their study found that cottonseed
protein isolate fortified with phosphoric acid produced southern yellow pine (Pinus spp. L.)
three-ply plywood that passed the ANSI/HPVA tests for use as internal hardwood plywood (Li et
al. 2019). Their panels were hot pressed at 170°C (338°F) for 10 minutes. Chen et al. (2020)
produced five-ply panels from yellow poplar veneer with in-house extracted cottonseed meal.
This is the first known study to include a wet strength agent (such as PAE) in the bio-based
adhesive formulation with various pressing times and temperatures. Chen et al. (2020) also
reported that acceptable panels could be produced at temperatures between 120 and 150°C (248
and 302°F) and at press times greater than 4 minutes. He et al. (2019) also studied the use of a
washed cottonseed meal to bond wood pencils, but with relative low hot press temperature of
40°C (104°F) and very long press times (60-90 minutes). They report acceptable pencils that
were prepared, but the long press times are a clear disadvantage (He et al. 2019).
In this dissertation work, suitable panels were produced when formulated with
epichlorohydrin wet strength agent and at press times between 4 and 6 minutes. The shear bond
strength of the panel specimens appeared comparable to those reported in earlier studies, and no
obvious trends suggesting that strengths were affected by either wet strength agents or with
lower press times were apparent. The results for the two cottonseed protein products indicate that
there is no specific improvement for the adhesive strength or water resistant properties for the
water-washed cottonseed meal, compared with the unwashed meal. Hence, there is little added
benefit associated with the additional steps used to reduce soluble carbohydrates. While this
study was not specifically focused on the production of any specific interior-grade wood product,
the results suggest a relatively wide degree in latitude in the choice of conditions and
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formulations used. Specifically herein, 4 to 6 minutes achieved excellent results comparable to
another bio-based adhesive (commercial soybean-based hardwood plywood product).
Many of the published journals and reports shown in Cheng et al. (2017; 2016b; 2013)
and He et al. (2020; 2019; 2014a, 2014b) on glued thin veneers used relatively low hot press
temperature of 80-120°C (176-248°F) and relatively long press times (10-30 minutes). A recent
study by Shmulsky et al. (2021), also glued thin hardwood veneers using similar commercial hot
press temperatures of 135°C (275°F) and relatively long press times (7-10 minutes). In addition
to also wanting to prepare and test the properties of the plywood panels, one purpose of this
dissertation research was to start trying to reduce press times, as this factor directly relates to
productivity and the potential for any commercialization. Typical commercial press temperatures
range from 107°C to 135°C (225°F to 275°F) for hardwood plywood, whereas press times
generally range from 2 to 7 minutes (Adhikari et al. 2016; U.S. EPA 2002). However, the time
and temperature vary greatly depending on the wood species used, resin used, and the press
design as well as panel thickness, ambient temperature, bleed through considerations, etc. (U.S.
EPA 2002). The choice of 4, 5, and 6 minutes press times and a 135°C (275°F) hot press
temperature this dissertation work was based on these factors, and in this work these times
produced suitable panels for interior applications as specified by ANSI/HPVA HP-1
(ANSI/HPVA 2020). Chen et al. (2020) also recognizes the importance of press time and tested
times from 2 to 6 minutes at a hot press temperature of 120°C (248°F) and found they could hot
press panels to pass the water resistance standard in as little as 4 minutes. This was impressive as
they were preparing 25.4-mm (1.00-inch) thick, five-ply panels, and the inner adhesive layers
were 10 mm (0.39 inch) removed from the press surfaces. Li (2012) also showed very high shear
strength at 3 and 5 minutes hot press times, yet produced the highest shear strength at longer hot
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press times of 7 and 9 minutes, but were not statistically different than the lower times. These
results suggest that press times can be reduced to values that would compete with many current
industrial press times. Still, a better understanding of the parameter flexibility that exists in this
adhesive system is warranted. By increasing press temperature, press times might be further
reduced, and optimization of these factors would be useful for different combinations of board
ply number and thickness. Herein, three-ply panels were made, which were very similar in
thickness to those used in commercial and industrial production.
One difference to note between this dissertation research and the Chen et al. (2020) work
is the use of basic or alkaline conditions in the formulations. During initial work for this
dissertation work, hydrated lime slurry or dry hydrated lime powder was added to the cottonseed
and commercial in-house soybean meals adhesive formulations to increase the pH from ~5.5 to
between 10.0 to 11.0, as is common in reported formulations of commercial in-house soybeanbased adhesives (Lambuth 2003), but difficulties were found in preparing and testing the panels,
including viscosity issues, plywood panels off-gassing (or burping) during pressing, and frequent
delamination after water soaking tests. Given that a base was not used in many of the earlier
reports with cottonseed proteins, it was not included in any of the final formulations for this
study. In contrast, Chen et al. (2020) reported added sodium hydroxide (NaOH) to their
formulations. In this dissertation work, tested panels were prepared at a pH of ~5.5, which would
suggest that some base addition was not necessary. Additionally, the effect of pH was found to
be quite variable in a study by He at al. (2020) of which the adhesive performance of cottonseed
protein fractions used to glue thin maple (Acer spp. L.) veneers. It is not clear why these
differences of use or no use of basic or alkaline conditions have been observed in numerous
literature and reports. Like most proteins, cottonseed protein is more soluble at basic conditions
108

(e.g. as is used to prepared protein isolate), and the protein chains may well have more mobility
in the formulations during pressing, allowing them to find favorable binding interactions with the
epichlorohydrin and other components. Possible mobility of the protein chains can be
compensated to a degree by the higher press temperature used in this work, as has been
suggested by Li et al. (2017) in testing the effect of different meal drying methods on adhesive
performance.
For most literature reports on the use of cottonseed protein as a wood adhesive (NCPA
2022), the tested cottonseed protein isolate or defatted meals were prepared in-house and were
not commercial preparations. Current cottonseed oil extraction operations results in a relatively
low protein product (~41%) that has some level of fibrous hull and linter material present.
Additionally, this material generally has been exposed to considerable heating before and after
oil extraction. Both factors will likely degrade the protein’s adhesive properties. Hence, some
modification of the current processing practice would be needed to allow cottonseed protein to
best compete as a bio-based wood adhesive. These modifications might include better separation
of the hulls from the kernel tissue and the addition of more meal desolventizer-toaster capacity to
allow the heaters to run at lower temperatures. Although these are not insurmountable changes,
the added costs would need to be compensated by some additional value for the resulting meal.
Conclusions
Yellow poplar (Liriodendron tulipifera L.) hardwood three-ply plywood panels were
made with two different cottonseed protein meal levels and were tested against a commercial inhouse soybean adhesive as the control. Defatted new cottonseed meal and water-washed
cottonseed meal both produced hardwood plywood panels with sufficient adhesive strength and
water resistance to be used for interior applications. Hot press times and meal types were varied
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as treatment factors. In general, other processing factors (veneer type, the 1:7 ratio PAE solution,
adhesive spread rate, cold press time, cold press pressure, hot press temperature, and hot press
pressure) were kept constant. The new cottonseed protein meal showed excellent promise for
applicability as an interior type hardwood-plywood adhesive. While the new cottonseed protein
had between ~1.0 to 1.2% total gossypol, as this was considered low for cottonseed meal and
especially for the meal made without any hulls or residual fiber (neither of which has any
gossypol) it was closer to what one would expect from regular glanded cottonseed meal (M. K.
Dowd, Chemical Engineer, U.S.D.A. ARS Southern Regional Research Center and Commodity
Utilization Research Laboratory, Personal Communication).
As panels prepared from both cottonseed meals had comparable properties, there
appeared to be little advantage of water-washing the cottonseed meal to remove soluble
carbohydrates and increase the protein level of the cottonseed meal. Panels prepared in this work
were made from adhesive formulations without the inclusion of hydrated lime - calcium
hydroxide (Ca(OH)2) or sodium hydroxide (NaOH), which contradicts some prior literature in
this area, and this difference is not yet well understood. Although some modification of the oil
extraction processes used to make cottonseed meals may be needed, cottonseed protein appears
to be able to compete with soybean protein for use as interior wood adhesives.
Recommendations for future work are to reduce the hot press times even lower beyond 4
to 6 minutes, if possible, to enhance commercial viability. Future research could be implemented
to assess different pressing temperatures and pressure for 4-6 minutes. Next, one would need to
be sure to randomize the veneer that goes into each plywood panel such that any veneer variation
is spread amongst the various treatment combinations. Additional future research could
implement guayule resin from the guayule (Parthenium argentatum A. Gray) shrub as a bio110

control agent against biological degradation like fungi, termites, and insect damage. Finally,
attempt to use cottonseed protein meals at lower protein percentages, as these will reduce the
cost of the cottonseed protein as a raw material for the wood-based adhesive.
Future Works
Future research could also focus on getting the hot press times down closer to the
industry and conduct work beyond laboratory scale research.
A second future research focus could be more on production and implementation into the
plywood industry sectors.
A third future research could focus on the production of wood adhesives from underutilized upland cotton (Gossypium hirsutum L.) cottonseed co-product and guayule (Parthenium
argentatum A. Gray) plants guayule resin byproduct. As recent literature indicates that
cottonseed protein meal can be used as an environmentally safe and friendly, bio-based,
formaldehyde-free wood-based adhesive, researchers could also incorporated the guayule resin
into the bio-based adhesive for long-term durability and protection against fungi, insects, and
termites. The guayule is a shrub with large amounts of natural latex rubber in its stems. It is
native to southwestern United States and throughout the northeastern parts of the Chihuahuan
Desert from Mexico to the Big Bend region of Texas, USA (Evancho and Dial 2020; Rasutis et
al. 2015). Guayule fields are established with genetically diverse seed and are harvested
mechanically for rubber production (Evancho and Dial 2020; Rasutis et al. 2015). The harvested
materials are ground into bagasse and then the solid latex rubber is chemically extracted from its
cells (Rasutis et al. 2015). The guayule resin compounds have potential as low-toxicity
components of coatings, tackifiers, adhesives, composite components, emulsifiers, bio-control
agents, insecticides, antimicrobials, and antifungals (Dehghanizadeh and Brewer 2020;
111

Greenfield 1992). Guayule resin has demonstrated properties as a natural biocide with
termiticidal and fungicidal activity in lumber and wood products (Nakayama et al. 2003;
Nakayama et al. 2001; Bultman et al. 1991). Guayule resin has the potential to provide longevity
and protection to wood and forest products (Thames and Kaleem 1991; Thames and Wagner
1991).
However, despite what has been accomplished in the literature, there is a gap in the
science and lack of research on guayule resin being used as an adhesive additive for wood
products like plywood. Therefore, as an environmentally safe alternative to harsher chemicals
that are in the adhesive market, researcher could use guayule resin and cottonseed protein meals
as a novel bio-based adhesive for hardwood plywood. The benefits of the proposed work in this
section could include expansion and protection of wood and wood products into additional
markets and development of novel applications of guayule resin as an adhesive additive for wood
and wood products.
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